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Salt secretion is a specialized salt tolerance mechanism observed in 
mangrove plants. Several studies on mangroves had focussed on the 
structure of salt glands and salt secretion pattern, while, very few studies 
described the functional aspects of salt secretion. The present study 
focussed on preliminary analysis of salt filtration at the roots, salt secretion 
at the leaves and the effect of salt concentration on secretion using 
Avicennia officinalis seedlings that were not exposed to salt previously. 
Furthermore, to understand the molecular mechanisms underlying the 
secretion at the salt glands, differential gene expression in response to 
salt treatment was examined in the salt gland-rich tissues using 
subtractive hybridization and transcriptomics. 
The present study showed that the amount of salt in the external medium 
plays an important role in triggering salt secretion. Higher concentration of 
salt in the external medium leads to increases in xylem salt content and 
secretion rate. Increased levels of the stress hormones, namely, abscisic 
acid (ABA) and jasmonic acid (JA) were observed in salt-treated seedling 
tissues, but the other hormones such as gibberellins (GAs) and salicylic 
acid (SA) did not show significant variation in relation to salt treatment. 
Using subtractive hybridization method, an attempt was made to identify 
key genes that are differentially regulated in salt gland-rich adaxial 
epidermal tissues of leaves. Among the 34 genes that were enriched in 
the salt gland-rich tissue, a Dehydrin gene (AoDHN1) showed nearly 6-
fold increase in expression. Dehydrins are known to be involved in stress-
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remediation in other plants, and hence, AoDHN1 was chosen for further 
analysis. AoDHN1 expression was high in A. officinalis leaves and 
specifically in salt glands as indicated by quantitative RT-PCR and in situ 
hybridization. To check its stress-remediation effect, AoDHN1 was 
expressed in E. coli cells that were subjected to salinity and drought stress 
conditions. The growth of E. coli cells expressing AoDHN1 was 
significantly higher compared to control cells without AoDHN1, suggesting 
a significant role for AoDHN1 in mediating salt stress. 
Aquaporins are known to play an important role during drought and salt 
stress conditions and are also known to be involved in salt secretion in 
mangroves. Therefore, three aquaporin genes from A. officinalis, namely, 
AoPIP1.1, AoPIP1.2 and AoPIP2.2 were cloned and sequenced. These 
aquaporins showed significant increase in transcript levels within 90min of 
drought stress, but not in response to ABA and salinity treatments. From a 
functional assay in Xenopus laevis oocytes, AoPIP1.1 and AoPIP1.2 were 
found to exhibit water transport activity. Also, expression of AoPIP1.2 was 
high in salt gland-rich tissues compared to the transcript levels of 
AoPIP1.1 and AoPIP2.2. Furthermore, in situ hybridization study of 
AoPIP1.2 showed abundant expression in salt gland cells, suggesting that 
AoPIP1.2 could be involved in the water transport activity associated with 
salt secretion. 
Subtractive hybridization study yielded only a limited number of 
differentially expressed genes. Therefore, to study the global gene 
expression changes upon salt treatment, a transcriptome analysis was 
performed using salt gland-enriched tissues. The focus was on early 
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response genes whose expression levels were altered after 30min of salt 
treatment. RNA sequencing showed 646 up-regulated and 1132 down-
regulated genes. Due to the lack of genome sequence information, only a 
relatively small number of differentially regulated genes could be 
annotated. Future characterization of the ‘unknown genes’ may provide 
valuable insights on the salt gland function. Functional grouping of the 
annotated genes showed that several of them belonged to transcription, 
metabolism, membrane trafficking, transport and stress-related classes. 
Gene network analysis of the differentially regulated transcripts showed a 
tight interaction among the transport-related genes in the salt-treated 
tissues. This suggests that more detailed work with genes selected from 
the transcriptome analysis, especially those located at critical interaction 
nodes can provide insights on mechanisms of salt secretion. 
On the whole, this study has focussed on both physiological and molecular 
aspects of salt tolerance in A. officinalis. The notable contributions of this 
study include confirmation of the role of AoDHN1 in stress remediation 
and identification of a water transporting aquaporin AoPIP1.2. 
Furthermore, the observation that their expression is highly enriched in 
salt gland cells, suggests that both these genes may play a significant role 
in salt secretion and therefore the salt tolerance mechanism in the 
mangrove Avicennia officinalis. These results validate the previous 
findings that aquaporins play a critical role in salt secretion and water 
reabsorption in this species. While we recognise the need for additional 
work, these findings help to identify avenues for further research aimed at 
elucidating the underlying mechanisms of salt secretion and tolerance. 
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Chapter 1: Introduction 
 
1.1 Salt and soil salinity 
 
No toxic substance limits the plant growth more than salt on world scale 
(Xiong and Zhu, 2002). 800 million hectares of land is affected by salinity, 
which corresponds to ~6% of world’s total land area (Munns and Tester, 
2008). Soil salinity has been one of the major problems in efficient land 
usage for agriculture and affects crop yield worldwide. Of the 1500 million 
hectares of land used for dryland agriculture, 32 million hectares (2%) are 
affected by secondary salinity to varying degrees. Of 230 million hectares 
of irrigated land, 45 million hectares (20%) are salt affected. The total 
irrigated land accounts for only 15% of total cultivated land. Due to the 
increasing demand for crop yield and the decrease in cultivable land area, 
it is important to engineer salt tolerant crop varieties that can be grown in 
salt affected areas. 
 






Salt is a natural element in soil and water. USDA salinity lab defines saline 
soil as soils having an Electrical Conductivity (ECe) of 4dS/m or more 
(~3g/l salt) (Ashraf et al., 2008). Natural or primary salinity occurs in arid 
and semi-arid areas, which receive inadequate rainfall. Secondary or 
human induced salinity occurs, when the balance between soil and water 
is perturbed, especially by clearing natural vegetation (plants with deep 
roots) and converting these lands to cultivate plants (crops) with shallow 
roots. This causes underground water (rich in salts) to rise by capillary 
action and moving salts to the soil surface (Munns, 2002). 
Soil salinity is caused by elevated levels of various salts in soil. All salts 
may not inhibit the growth of plant but can affect the plant in various ways. 
In saline soils, Na+ and Cl- have been reported to be the principal toxic 
ions, which affect plant growth and productivity. In woody perennials like 
grapevines and citrus, roots and woody stems retain Na+ and Cl- 
protecting the leaves from the damaging effects of Na+ on photosynthesis 
(Flowers and Yeo, 1986). For many plants like graminaceous crops, Na+ is 
the primary cause of ion-specific damage. 
Both drought and salinity result in osmotic stress that may lead to 
inhibition of growth in plants. But not all plants are susceptible for salt 
stress to the same extent. 2% of the world’s plant population constitutes 
halophytes, which are resistant to salt stress (Glenn et al., 1999). 
Chenopodiaceae has about 550 halophyte species, forms the largest 





Nitrophila, Salicornia and Suaeda are some members of that family 
(Aronson, 1989). Studies including germination and growth under salt 
stress, functional characterization of salt tolerant genes from Atriplex (Jia 
et al., 2002; Ohta et al., 2002; Ungar, 1996), Suaeda (Flowers, 1972; 
Hajibagheri et al., 1985; Yeo and Flowers, 1980) and Salicornia 
(Moghaieb et al., 2004; Rivers and Weber, 1971) have been carried out. 
Furthermore, Thellungiella halophila, a relative of Arabidopsis is a 
halophyte, which has been widely studied to understand the salt tolerance 
property of the plant. Many comparative studies of Thellungiella with 
Arabidopsis relating to the salt tolerance aspects for example, genomic, 
proteomic and physiological aspects were carried out (Ghars et al., 2008; 
Gong et al., 2005; Pang et al., 2010). These are some halophytes (other 
than mangroves) extensively studied to evaluate salt tolerance properties 
compare to glycophytes. Even though, these studies provide substantial 
amount of information, further investigation is necessary to correlate the 
key differences of glycophyte and halophyte mechanisms to survive in 
saline environments. 
In general, halophytes compete with glycophytes in saline conditions and 
grow well due to their adaptive capabilities at both cellular and whole plant 
levels. Both halophytes and glycophytes respond to salt in a similar way, 
i.e., at physiological level the salt, which enters the roots is transported to 
shoot and at cellular level, the salt is either compartmentalized into the 
vacuoles (Tester and Davenport, 2003) or deposited in the cell wall 
(Flowers et al., 1991). Even during development, Na+ concentration in 





This suggests a need to protect metabolically active cells from deleterious 
effect of Na+, similar to glycophytes (Flowers and Yeo, 1986). Mature 
plants show a better tolerance by evolving mechanisms to thrive in saline 
conditions (Thiyagarajah et al., 1996). Several such adaptations could be 
found in halophytes that are not found in glycophytes, thus studying such 
adaptations becomes necessary to understand the mechanism of salt 
tolerance in halophytes.  
1.2 Status of mangrove forest in Singapore 
 
Though there are smaller patches of mangrove plants grown in Berlayer 
Creek, the largest intact mangrove forest in Singapore mainland is from 
Sungei Buloh Wetland Reserve to Kranji Dam. In a study in 1946 
mangroves covered an area of 117.3ha and were dynamically advancing 
over the coastal swampy regions until 1980. Even after an increased area 
of 6.24ha of mangroves was observed, due to clearance for aquaculture, 
the total area covered by mangroves was reduced by ~50% by 1980. Later 
to 1980, a reduction in sediment supply led to the initiation of erosion 
along much of the coastline due to the construction of the Kranji Dam, 
immediately east of the study area, with the mangrove fringe having 
removed by up to 50m in 2001. These are some important changes that 
have been revealed from an analysis of a time series from the period 1946 
to 2001 in the distribution of mangroves in Singapore. After establishment 
of the wetland reserve in 1992,  partial regeneration of mangroves of 
~86.8ha has occurred (Bird et al., 2004). A total of 35 true mangrove 





Bruguiera sexangula, Ceriops decandra Kandelia obovata and many other 
mangrove plants were said to be extinct and later they have been 
rediscovered in Singapore. (YANG et al., 2011).  
Avicennia species are among the most commonly seen species in our 
mangroves of which Avicennia alba, Avicennia marina, Avicennia 
rumphiana and Avicennia officinalis are found in Singapore (Ng and 
Sivasothi, 1999). Avicennia marina is listed as 'Critically Endangered' in 
the Red List of threatened plants of Singapore (Davison et al., 2008). 
1.3 Salt balance in mangrove plants  
 
Recently, mangroves and mangrove associates have gained more 
importance as an alternate source of energy, which could be used to 
produce bioethanol and biodiesel (Hui-Min et al., 2012). Mangrove leaves 
are known to be rich in fatty acids. So, it is proposed that oils extracted 
from mangrove leaves could be used as alternative source of energy. 
Mangroves have also acquired attention for medicinal properties and as a 
source for fibre. 
Mangroves are located at the interface between land and sea. Because 
mangroves successfully reside in high saline environments, it is beneficial 
to understand the mechanisms by, which they adapt to their environment. 
True mangroves are diverse in occurrence, which include 54 species in 20 
genera belonging to 16 families (Hogarth, 1999). Depending on the salt 
tolerating capacity, halophytes are characterized into obligate or 





physiological diversity with relative growth rates increasing up to 50% 
seawater. Facultative halophytes are found in less saline habitats and 
characterized by broader physiological diversity, which enables them to 
cope with saline and non-saline conditions. Vivipary in mangroves is 
assumed to be an adaptive characteristic helping to avoid the exposure of 
germinating seedling to high salinity. It could be a mechanism to protect 
the embryo from the deleterious effects of high salt concentration until 
maturity (Hogarth, 1999).  
Mangroves regulate salt concentration in the plant tissue through salt 
exclusion, salt excretion or salt accumulation, thus classified as either ‘salt 
excluders’ or ‘salt secretors’ (Scholander, 1968; Tomlinson, 1986). Salt 
excluders (e.g. Rhizophora, Laguncularia Sonneratia) restrict the entry of 
ions in the root level itself hence avoid high salt entry into its system. On 
the other hand salt secretors, although significant amount of salt entry is 
blocked at the roots, generally the filtration efficiency is ~85-90% 
(Scholander, 1968) and in some cases up to 95% salt filtration is observed 
(Krishnamurthy et al., 2014). While salt is an important component of the 
tissue, for movement of water from the roots to the shoots, but the 
absorbed amount is still too high and needs to be removed (Kathiresan 
and Bingham, 2001). The salt secretors e.g. Avicennia, Acanthus, 
Aegiceras take up salt into their system, but secrete out through 
specialized salt glands in the leaves (Balsamo and Thomson, 1993; 
Drennan et al., 1987; Krishnamurthy et al., 2014; Shimony et al., 1973).  
Salt glands are epidermal structures that appear on the leaf surfaces of 





Tamaricaceae, Frankeniaceae, Chenopodiaceae, Gramineae (Lipschitz 
and Waisel, 1974). The major function of salt glands is to secrete mineral 
ions like sodium and chloride to regulate internal-ionic composition of the 
leaves. They occur as two-celled glands as observed in Gramineae, as 
bladder cells seen in Chenopodiaceae or as multi-cellular structure in 
Aviceniaceae (Thomson, 1975). Salt glands of Avicennia species consist 
of three different types of cells namely secretory, stalk and collecting cells 
(Shimony et al., 1973). Ultrastructural studies of these salt glands showed 
sunken corn shaped structure of secretory cells, collecting cells at the 
bottom and stalk cells are placed between them. These secretory cells of 
the salt glands are covered with a layer of cuticle which provides interstitial 
space for the movement of water and ions from salt glands to surface of 
the leaves. Under salt stress in secretory cells, an increase in endoplasmic 
reticulum (ER) network was observed, but on recovery it decreased 
significantly (Balsamo and Thomson, 1993). From a previous work on salt 
glands during salt stress (Campbell and Thomson, 1976), a general model 
was proposed for movement and secretion of salt. Salts, on reaching salt 
glands are secreted by exocytosis from secretory cells on the leaf surface. 
This process may be mediated by the ER microvesicles providing active 
transporters to plasmalemma (Campbell and Thomson, 1976; Kathiresan 
and Bingham, 2001).  
1.4 Effect of salinity on growth and development of plants 
 
In glycophytes, shoot growth is reduced significantly within a few hours of 





due to the osmotic effects of the external solution rather than the ionic 
effects of Na+ in the growing tissues. Na+ damage is particularly 
associated with the accumulation of Na+ in leaf tissues, which leads to 
necrosis of older leaves, starting at the leaf-tips, continues to the margins 
and later to the petiole of the leaves. Causing ionic stress, Na+ and Cl- 
also inhibit metabolic processes including protein synthesis. This mainly 
reduces the growth and yield of the plants by shortening the lifetime of the 
individual leaves, thus affecting net productivity and crop yield (Munns, 
1993; Munns and Cramer, 1996). Some effects of high soil Na+ are also a 
result of deficiency of other nutrients (Silberbush and Ben-Asher, 2001) or 
of interactions with other environmental factors such as drought, which 
magnifies the Na+ toxicity. 
Additionally, metabolic toxicity of Na+ is also a consequence of its ability to 
compete with K+ for binding sites essential for cellular function. 
Approximately 50 enzymes have been identified, which are activated by K+ 
and cannot be replaced with Na+ for their function (Bhandal and Malik, 
1988; Kronzucker and Britto, 2011). With high concentration of Na+ in the 
leaf apoplast and the vacuole, plant cells encounter difficulty in 
maintaining low cytosolic Na+:K+ ratios. High levels of Na+ or high Na+:K+ 
ratios disturb enzymatic processes and ultimately affect cellular function. 
Furthermore, protein synthesis requires high concentrations of K+, which is 
essential for the binding of tRNA to ribosomes (Blaha et al., 2000) and 






1.5 Mechanisms to minimize damage from high salinity 
 
Plants employ several strategies to survive under salt stress. Besides 
whole plant adaptation to high salinity, an additional feature that involves 
every cell within the plant that promotes cellular survival to salinity stress 
is essential. Regulation of Na+ delivery to the shoot comprises of several 
steps; entry into root epidermal and cortical cells, a balance between influx 
and efflux; loading to the xylem; retrieval from the xylem before reaching 
the shoot.  
Firstly, the entry of salt should be minimized at the roots. Roots of plants 
under salinity stress develop hydrophobic barriers to regulate water and 
ionic movement (Krishnamurthy et al., 2011). As it has been shown that 
the initial entry of Na+ from the soil solution into the root cortical cytoplasm 
is passive (Cheeseman 1982), developing hydrophobic barriers restrains 
movement of toxic molecules. These hydrophobic barriers are basically 
suberin polymers deposited in endodermis and exodermis of the roots, 
which consequently prevent movement of water and ions (Krishnamurthy 
et al., 2011; Steudle, 1994). In mangroves it has been shown that salt 
stress induces the formation of hydrophobic barriers, which increases the 
salt filtration efficiency in roots by restricting the ion entry through 
(Krishnamurthy et al., 2014). 
Furthermore, improved efflux of the ions helps to maintain low amounts of 
salt in the plants. This can be achieved in several ways. Some plants 





Another efficient way of eliminating excess salt from the leaves is 
secretion through salt glands, which is commonly seen in mangrove plants 
(Kathiresan and Bingham, 2001). Although the natural process of salt 
secretion is known for decades, only a few studies have attempted to 
decipher the mechanism of salt gland function (Ding et al., 2010). 
In addition, tolerance of single cell to high salinity, involving intracellular 
ion compartmentation provides a finer way to reduce deleterious effects of 
toxic ions. One important factor to manage salinity stress is to achieve 
tolerance at a higher level by controlling long distance transport of Na+ 
(Adams et al., 1992; Krishnamurthy et al., 2014; Neumann, 1997). The key 
process involved to bring balance during salt stress is translocation of Na+ 
from the root to the shoot (Epstein, 1998; Flowers et al., 1977). Studies 
suggest that halophytes actively transport Na+ from the root to the shoot, 
whereas salt-sensitive glycophytes appear to restrict Na+ entry mostly into 
transpiration stream to prevent Na+ accumulation in the shoot (Flowers et 
al., 1977; Läuchli, 1984). The transporters responsible for xylem loading of 
Na+ are not known, although plasma membrane sodium transporters have 
been proposed to perform this function (Hasegawa et al., 2000; Lacan and 
Durand, 1996). It is quiet unclear as to which cell layer(s) could be 
important for controlling the Na+ entry or exit from the xylem. Supposedly 
both endodermal and pericycle cell layers could be essential in the root, 
which may be involved in controlling Na+ entry in plants (Epstein, 1998). 
Intracellular compartmentation is one of the well-studied ways of 
maintaining low cytoplasmic Na+ (by sequestering into the vacuole). Both 





(known as SOS1 – Salt Overly Sensitive) possess Na+/H+ antiporters. 
NHX have been widely studied from glycophytes (Apse et al., 1999; 
Fukuda et al., 1999). Studies have shown that increased expression of 
AtNHX1 can contribute to salt tolerance in Arabidopsis and buckwheat 
(Apse et al., 1999; Chen et al., 2008). These antiporters play an important 
role in exporting back the cytolsolic Na+ to the medium or apoplastic space 
(Blumwald, 2000). It is shown that SOS1 is extremely important to exhibit 
salt tolerance property in Arabidopsis (Wu et al., 1996). Plants with sos1 
mutation are highly sensitive to salt and show stunted growth (Shi et al., 
2000). However, regulation of SOS1 expression is in direct control of the 
SOS2/SOS3 (components of SOS pathway) regulatory pathway (Halfter et 
al., 2000; Liu et al., 2000). It is shown that SOS2/SOS3 interaction is 
necessary for the function of SOS1, which contributes in salt tolerance in 
Arabidopsis (Halfter et al., 2000; Shi et al., 2000; Wu et al., 1996).  
Once Na+ is accumulated in the vacuole, balance in osmotic potential 
between the cytoplasm and vacuole is achieved by synthesis and 
accumulation of organic solutes in the cytosol. Compatible solutes like 
pinitol, mannitol and proline are found to accumulate in mangroves like 
Bruguiera gymnorrhiza, Kandelia candel, Rhizophora stylosa and 
Sonneritia alba under salinity (Hibino et al., 2001; Parida and Das, 2005; 
Yasumoto et al., 1999). Glycinebetaine and methylated quaternary 
ammonium compounds are the other dominant compatible solutes, which 
not only contribute to osmotic balance in the cytosol, but protect the 






Along with osmoprotectants, synthesis of a large range of proteins occurs 
in response to salt stress. Dehydrins predominate in this class and include 
desiccation- or drought-induced proteins (Jyothi-Prakash et al., 2014; 
Mehta et al., 2009; Parida and Jha, 2010). Other stress-induced genes 
present in this category include heat shock proteins, thioredoxin, osmotin 
and genes for osmolyte production such as betaine aldehyde 
dehydrogenase (BADH) and pyrroline-5-carboxylate synthase (Jyothi-
Prakash et al., 2014; Parida and Das, 2005; Parida and Jha, 2010). Most 
importantly, dehydrins, which seem to have similar characteristics to 
chaperones, appear to be involved in protecting protein structure during 
high salinity (Campbell and Close, 1997; Ingram and Bartels, 1996; Jyothi-
Prakash et al., 2014). Investigating the roles of such stress-related 
proteins becomes important to understand the diverse mechanisms 
involved in salt tolerance. 
Conservation of water is one of the important adaptations for the plants to 
survive during salinity stress. Halophytes such as mangroves cannot 
afford to lose water due to the scarcity of replenishable fresh water. Some 
mangroves possess a characteristic structure in their leaves called salt 
glands. Their role is to remove the excess salt from the plant through 
leaves. Once removed, the salt can either crystallize in the sunlight or get 
washed off in the rain and wind. Salt glands secrete salt in the form of a 
solution, which includes toxic ions and water. However, it has been shown 






Along with maintaining water in the plant system, excessive control on the 
rates of transpiration is necessary under salinity stress conditions. The 
inability of stomatal closure in saline conditions has been debated to be a 
key reason for salt sensitivity in some plants (Robinson et al., 1997). 
However, salt-tolerant species can cause stomatal closure in the presence 
of high Na+ in leaf apoplast (Robinson et al., 1997). In fact, both 
glycophytes and halophytes tend to show reduced stomatal conductance 
in high NaCl conditions (James et al., 2002; Krishnamurthy et al., 2014; 
Robinson et al., 1997). 
Tolerance to salinity involves various processes occurring in different parts 
of the plant at the same time. These mechanisms can occur at a wide 
range of organizational levels, from the cellular (e.g. compartmentation of 
Na+ within cells) to the whole plant level (e.g. exclusion of Na+ from the 
plant, and intra-plant allocation of Na+). Salt tolerance can be exhibited in 
all cells within the plant or can be confined to specific cell types. 
Halophytes exhibit both cellular and whole plant level adaptations.  
Salt secretion model proposed from ultrastructure studies suggested that a 
membrane-mediated active process might be occurring in the salt glands 
by adenosine triphosphatase (ATPases) and transporters. Studies in 
Atriplex showed that salt secretion activity was impaired on treatment with 
uncouplers of oxidative phosphorylation like CCCP (m-chloro- carbonyl 
cyanide phenylhydrazone) and FCCP (p-trifluoromethoxy carbonyl cyanide 
phenylhydrazone). In a study in Avicennia, leaf homogenate subjected to 
differential centrifugation was investigated for ATPases, an activity, which 





Gee, 1970). The latter study reinforces two key aspects of salt secretion, 
(1) involvement of ATPases during secretion process and (2) the fact that 
high concentration of salt inhibits the activity of ATPases. To provide more 
evidence that secretion is an energy dependent process, measurement of 
electrogenic chloride transport in Limonium during salt stress was also 
shown to be impaired by uncouplers and inhibitors (Hill and Hill, 1973). 
However, detailed analysis of the transporters is essential to understand 
both movement of ions and water. 
The tolerance of mangroves to a high saline environment is also tightly 
linked to the regulation of gene expression (Parida and Jha, 2010). To 
increase the salt tolerance and productivity of other crop plants, genetic 
manipulation technologies have been adopted. At the molecular level, 
signalling mechanisms activated by salt stress include both drought-
induced and Na+-specific pathways. Salt stress induces numerous genes 
and studying such differentially regulated genes will help to understand the 
salt secretion process. For example, in a cDNA library constructed from 
suppressive subtractive hybridization (SSH) of a mangrove Aegiceras 
corniculatum, transcripts corresponding to genes encoding AcPIP-1 
(Plasma membrane Intrinsic Protein-1), AcPIP-2 (Plasma membrane 
Intrinsic Protein-2), AcP5CS (delta 1-pyrroline-5-carboxylate synthetase) 
and AcNHA (Na+/H+ antiporter) were reported to differentially express 
during salt stress (Fu et al., 2005). These results suggested involvement 
of aquaporins and ion transporters to cope with salt stress in Aegiceras. In 
an independent study in Avicennia marina, randomly expressed 





classes of genes were identified including dehydration response gene viz. 
Dehydrin was found to be up-regulated. In a SSH study of 
Mesembryanthemum crystallinum, two low-abundant salt-induced genes 
were isolated from which SKD1 (suppressor of K+ transport growth defect) 
appears to function in maintaining high cytosolic K+/Na+ ratio and  another 
gene UB2 (ubiquitin-conjugating enzyme) was identified to be involved in 
modulating protein turnover under high NaCl environments (Emilie Yen et 
al., 2000). Transcriptome analysis of salt glands can provide information 
on genes corresponding to various transporters (e.g. Na+/H+ antiporters, 
SOS1, K+ transporters and channels such as HKT, KIRC, KORC etc.) and 
water transport protein (PIPs) and other important genes involved in salt 
secretion and mediating salt stress (Dehydrin). With the current knowledge 
in bioinformatics, prediction functions like gene annotation, pathway 
analysis, gene ontology (GO) analysis can be used for identification of 
function and differentially expressed transcripts in salt secretion.  
However, experiments need to be designed to distinguish primary (in 
plants that are not exposed to salt prior to experiments) and enhanced 
responses (in plants that are exposed to salt from the growth and 
developmental stages) to salt treatments. A number of signalling pathways 
are activated during salt stress. Cytosolic calcium activity, protein 
phosphorylation and dephosphorylation, transcription factors, cell-specific 
signalling responses are some of them. Understanding the mechanisms of 
primary salt tolerance in mangroves and identification of salt tolerant 
genes from mangrove may lead to effective means to breed and 





1.6 Objectives of the study and approach 
 
The mangrove Avicennia officinalis is known to exhibit salt tolerance 
property. Among the small number of studies that report on understanding 
various mechanisms and adaptations of mangroves in response to salt, 
only a few emphasize on whole plant research. Our study highlights the 
use of two-month-old seedlings of Avicennia officinalis, which were not 
exposed to salt prior to the experiments. As a comparison, samples from 
field grown trees were also studied. Such studies guarantee the value of 
results obtained, which is mostly in response to salt stress compared to 
the samples used directly from the field-grown trees. 
This project aims to understand some of the physiological aspects of the 
mangrove A. officinalis. Identification of differentially expressed salt gland 
genes and characterization of a Dehydrin gene that is involved in 
mediating salt stress was done. Identification, characterization and 
functional analysis of three aquaporins were performed (AoPIP1.1, 
AoPIP1.2 and AoPIP2.2). Furthermore, early responsive genes to salt 
treatment in the salt gland-rich tissues were identified using transcriptomic 
approach. Various physiological and molecular approaches were taken to 
study the salt tolerance aspects in Avicennia officinalis. The specific 
objectives of the study were: 
I. Physiological and morphological studies including both field-
grown and greenhouse-grown Avicennia officinalis plants 





b) Estimation of ion contents in xylem sap and leaf secretions  
c) Determination of changes in the levels of hormones upon salt 
treatment by mass spectrometry 
II. Identification of differentially expressed genes in salt gland-
rich tissues and a detailed study of genes involved in 
mediating salt stress 
a) Identification of differentially expressed genes by Subtractive 
Hybridization of RNA from salt gland-rich tissue against RNA from 
mesophyll tissue 
b) Cloning and characterization of A. officinalis Dehydrin (AoDHN1)  
c) Expression studies upon abiotic stress treatments and functional 
studies in E. coli 
III. Determination of global gene expression profile of salt gland-
rich tissues 
a) Comparative transcriptomics of salt gland-rich tissues in response 
to salt stress 
b) Bioinformatic analyses: Prediction of metabolic pathways involving 
the differentially regulated genes 
IV. Characterization of three aquaporin genes identified from A. 
officinalis 
Because salt secretion involves movement of ions dissolved in water 





a) Classification of members of Avicennia officinalis aquaporin 
subfamily identified by transcriptome analysis  
b) Cloning and characterization of A. officinalis aquaporins (AoPIP1.1, 
AoPIP1.2 and AoPIP2.2) Expression kinetics study upon salt stress 
in both leaves and roots 
c) Functional analysis of aquaporins was carried out by  
i. heterologous expression in Xenopus laevis oocyte  




















Chapter 2 : Materials and methods 
2.1 Plant materials and growth conditions 
 
Avicennia officinalis plant samples and growth conditions  
Propagules (seeds from mangrove plants) and stem cuttings of field grown 
Avicennia officinalis trees were collected from mangrove swamps near the 
Berlayer Creek, Singapore (1.27oN; 103.80oE) and Sungei Buloh Wetland 
Reserve, Singapore (1.43oN; 103.717oE). The samples were collected with 
a collection permit NP/RP12-002-1 from National Parks Board, Singapore. 
These propagules were grown in potting mix (Jiffy substrates, Far East 
Flora, Singapore) in greenhouse conditions (25–35 oC, 60–90% relative 
humidity; 12h photoperiod) and watered every alternate day with NaCl-free 
water.  
 





Arabidopsis growth conditions 
Arabidopsis thaliana plants used in the study were either with Columbia 
(Col-0) or Landsberg erecta (Ler) background. Seeds sown on compost 
soil were first placed at low temperature (4 oC) for 4 days to break the 
dormancy and for synchronized germination (stratification). Pots with cold-
stratified seeds were kept at 23 oC and 75% RH under long day period 
(16h of light/8h of dark).  
T-DNA insertion mutants used in this study were obtained from the 
Arabidopsis Biological Resource Centre (ABRC) seed stock. Table 2.1 
provides the list of all ABRC mutant lines used in the study. Homozygous 
plants with the T-DNA insertion were screened by genotyping. The primers 
for genotyping were designed using the T-DNA primer design tool 
(http://signal.salk.edu/tdnaprimers.2.html; see also Table 2.1.4). 
Transgenic plants for ectopic expression studies in the study were 
generated by transforming wild-type plants Col-0 with a binary vector 
containing the respective gene of interest. 
Table 2.1: List of Arabidopsis thaliana mutants obtained from 
Arabidopsis Biological Resource Centre (ABRC) 
Gene name ABRC stock Type of mutant Background 
PIP2.2 SAIL290406 T-DNA insertion  Col-0 









2.1.2 Bacterial strains 
 
Species Strains Purpose 
Escherichia coli DH5α, 
JM109 
Cloning, propagation of plasmids 
Escherichia coli BL21 Protein over-expression 
Agrobacterium 
tumefaciens 
GV3101 Agrobacterium-mediated plant 
transformation 
 
2.1.3 Vectors and plasmids 
 
pGEM®T Easy vector system 
(Promega) 
TA cloning 
pJET® (Fermentas) Blunt-end cloning 
pGreen binary vectors 
HY105 backbone  
pGreen 0229 backbone  
Agrobacterium-mediated plant 
transformation 
pGEX-6p-1 Protein over-expression 
 



















Name of the primer Primer sequence  (5’ → 3’) 
 
Annotation 
pT7TS AoPIP1.1 FW AGATCTATGGAGAGCAAGGAGGA Cloning  
pT7TS AoPIP1.1 RV ACTAGTTCACTTGGACTTGAATG Cloning  
pGreen AoPIP1.1 FW CTCGAGATGGAGAGCAAGGAGGA  Cloning  
pGreen AoPIP1.1 RV CCCGGGCTTGGACTTGAATG Cloning  
qPIP1.1 FW GGGCTTCGGCAAGACCCTGT qRT-PCR primers 
qPIP1.1 RV GCGCTGCGTTTGGCATCAGT qRT-PCR primers 
pT7TS AoPIP1.2 FW AGATCTATGGCTGAGGGCAAGG Cloning  
pT7TS AoPIP1.2 RV ACTAGTTTAGCATGCCCGGTTGC Cloning  
pGreen AoPIP1.2 FW CTCGAGATGGCTGAGGGCAAGG Cloning  
pGreen AoPIP1.2 RV CCCGGGGCATGCCCGGTTGC Cloning  
qPIP1.2 FW GCTTTCCCTGACCAGGGCTC qRT-PCR primers 
qPIP1.2 RV GCCCCTCCTTTAAGCCTCTG qRT-PCR primers 
pT7TS AoPIP2.2 FW AGATCTATGGCTAAGGACATTG Cloning  
pT7TS AoPIP2.2 RV ACTAGTTCAGTAAGAAGAGCTCC Cloning  
pGreen AoPIP2.2 FW CTCGAGATGGCTAAGGACATTG Cloning  
pGreen AoPIP2.2 RV CCCGGGAGTAAGAAGAGCTCC Cloning  
qPIP2.2 FW ACATTGAGGTCGGAGCCACC qRT-PCR primers 
qPIP2.2 RV TTGCACTCGTCGGCAGCGTT qRT-PCR primers 
pGreenDehy_FW CTCGAGATGTCAGAGTACGGCGA Cloning  
pGreenDehy_RV CCCGGGATGGTGGCCTCCGGGCA Cloning  
pGEX AoDHN1 FW GATCCATGTCAGAGTACGGCGA Cloning  
pGEX AoDHN1RV CTCGAGTTAATGGTGGCCTCCGGG Cloning  
AoDHN1 FW ATGTCAGAGTACGGCGA Cloning  
AoDHN1 RV ATGGTGGCCTCCGGGCA Cloning  
RACE FW_DHN1 GTCTTCGGAGGACGATGG Cloning  
RACE RV_DHN1 AGTCTGATCATCCCCGTGA Cloning  










































































UBI_FW ACCACGGAGCCTGAGGAC CA 
UBI_RV CGCCGGCAAGCAGCTAGAGG 
 
Aquaporin primers used for qRT-PCR (sequences obtained from 














































































































2.2 Plasmid construction  
 
2.2.1 RNA extraction and cDNA synthesis 
Total RNA was isolated from tissue, using Qiagen RNeasy® kit (Qiagen, 
Valencia, CA, USA). Mortar and pestle, microfuge tubes and tips were 
autoclaved for 60min 121 oC and kept for drying at 60 oC before using. 
RNA extraction and DNase treatment were carried out following 
manufacturer’s instruction. RNA concentration and quality were checked 
using NanoDrop 2000 UV-Vis Spectrophotometer (ThermoScientific). 





MAXIMA® First Strand cDNA Synthesis kit (ThermoScientific) as per the 
manufacturer’s protocol in a total reaction volume of 20μl. 
2.2.2 PCR Amplification (and RACE PCR) 
 
Coding regions of the gene of interest were amplified using cDNA or 
gDNA as template and respective primers (refer Table 2). A 20μl PCR 
amplification reaction was set up using Promega Go Taq® PCR kit with 
1μl template, 1μl of each primer (10μM), 1μl dNTP mix (10mM), 4μl 5x 
GoTaq® green buffer, 0.1μl GoTaq® DNA Polymerase (5U/μl) and sterile 
dH2O. PCR was performed with an initial denaturation at 95°C for 5min, 
and 30 cycles of denaturation at 95°C for 30s, annealing for 30s, and 
extension at 72 oC followed by final extension at 72 oC for 5min. Annealing 
temperature and extension time were adjusted according to the melting 
temperature (Tm) of primers used (typically 55 oC to 65 oC) and length of 
the fragment to be amplified (approximately 1min per 1kb fragment length) 
respectively. 
The PCR product was loaded onto 1% TAE agarose gel containing nucleic 
acid fluorescent (SYBR® Safe DNA Gel Stain) (dil. 1:20,000). The gel was 
run in 1X TAE (4.84g/l Tris Base, 50mM EDTA pH 8.0, 0.11% (v/v) acetic 
acid) buffer and the image was captured under ultraviolet light using a gel 
documentation system. 
2.2.3 Gel extraction and ligation with vector  
The PCR amplified product of expected size was excised with a scalpel 





Clean-Up System (Promega). The gel-extracted DNA was ligated into 
pGEM®-T Easy Vector System (Promega) according to the manufacturer's 
protocol. 
2.2.4 Transformation, confirmation and plasmid extraction 
 
The ligated mixture was introduced into E.coli competent cells by heat 
shock method (competent cell preparation protocol is mentioned in later 
part of this Chapter) and then plated on to selection medium depending on 
the vector system used. 
Colony-PCR was carried out to confirm the presence of the desired 
plasmid in the antibiotic-resistant colonies. For this, 2-8 bacterial colonies 
were selected and each colony was suspended in 10μl of dH2O and 2μl of 
this was used as the template for the PCR reaction. PCR components and 
conditions were the same as that mentioned in Chapter 2.2.2. The 
amplified PCR products were fractionated on 1% agarose gel and positive 
colonies were detected based on the presence of the amplified band of 
expected size. 
Positive colonies were inoculated in to 4ml liquid LB medium containing 
the appropriate antibiotic and incubated overnight at 37 oC in a shaker 
incubator. Plasmid extraction was then carried out using the Wizard® Plus 
SV Minipreps DNA Purification System (Promega) according to the 
manufacturer’s instructions. Plasmids were eluted in 35μl TE buffer, and 






2.2.5 Sequence analysis 
 
Plasmids harbouring the desired genes were sequence-confirmed to 
ensure in the correct sequence. For this, sequencing reactions were set 
up using the BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied 
Biosystems), with 1μl template plasmid, 0.5μl primer (10μM), 2μl BigDye 
reaction mix, and sterile dH2O to a total volume of 5μl. PCR was 
performed with an initial denaturation at 96 oC for 1min, followed by 25 
cycles of denaturation at 96 oC for 10s, annealing at 50 oC for 5s, and 
extension at 60 oC for 4min. DNA was precipitated by adding a mixture of 
3μl sodium acetate (3M, pH-5.2), 69.4μl ethanol (100%) and 17.6μl dH2O 
to the reaction. After 30min incubation at -20 oC, samples were centrifuged 
at 15,400g at 4 oC for 30min and the supernatant was removed. The pellet 
was washed once with 250μl ice-cold 75% ethanol and the air-dried pellet 
was resuspended in Hi-Di™ Formamide (Life Technologies). Sequencing 
was carried out using the ABI3130xl sequencer (Applied Biosystems) and 
the output data was analyzed using Chromas LITE (v2.01). 
2.2.6 Sub cloning into respective vector systems 
Digestion and ligation 
 
The sequenced inserts in the MCS of pGEM®-T Easy were digested with 
their respective restriction sites and ligated into pGreen binary vector, 
pT7TS vector or pGEX-6p-1 vector. Digestion of both, the clones in TA 
vector and the subsequent empty vectors, was carried out using 





reactions containing approximately 1μg plasmid, 1μl of each respective 
restriction enzyme, 5μl 10x FastDigest® Green buffer, and dH2O to a total 
volume of 50μl were mixed and incubated at 37 °C for 30min. The 
digested reaction was then run on 1% TAE agarose gel, right sized 
fragments were excised and DNA was gel extracted using Wizard® SV 
Gel and PCR Clean-Up System (Promega). The concentration of the 
eluted products was determined and ligation reaction was setup in 3:1 
molar ratio of insert: vector. Ligation was carried out using T4 DNA 
Ligation kit (Promega), according to which 5μl of 2X ligation buffer, 1μl of 
T4 DNA Ligase and calculated amounts of vector and insert were added 
along with dH2O to a final volume of 10μl and incubated at 16 oC 
overnight. 
Transformation & confirmation of clones 
 
Introduction of ligated product into E.coli and confirmation of the 
transformants using colony PCR were carried out as mentioned in section 
2.2.4. The construct was sequenced as in section 2.2.5 to double confirm 
the clone. 
2.2.7 Preparation of E.coli competent cells  
 
To prepare chemically competent E. coli cells, 5ml of overnight grown 
JM109 (or BL21) starter culture was inoculated into 200ml LB broth and 
incubated at 37 oC in a shaker-incubator set to 200rpm, until an optical 
density (OD600) of 0.4 to 0.5 was reached. The culture was poured into 





for 10min at 4 oC. The cell-pellets were resuspended in 25ml cold 100mM 
MgCl2 and again centrifuged at 5000rpm for 10min at 4 oC. The cell-pellet 
was then resuspended in 50ml chilled 100mM CaCl2, and incubated on ice 
for 30min. Cells were again harvested by centrifuging at 5000rpm for 
10min at 4 oC, and finally resuspended in 1ml ice cold 100mM CaCl2 
containing 15% glycerol. 50μl aliquots of this cell suspension were snap-
frozen in liquid nitrogen, and stored at -80 oC for future use.  
2.3 Plant transformation  
 
2.3.1 Preparation of A. tumefaciens competent cells  
Electroporation-competent cells of Agrobacterium tumefaciens GV3101 
strain was prepared by streaking a colony of the same on LB agar plate 
with 25μg/ml of rifampicin and gentamycin and was grown at 28 oC for 2 
days. A single colony was inoculated in 10ml LB medium containing 
selection antibiotics and grown at 28 oC in a shaker-incubator for 2 days. 
100ml LB medium was inoculated with the 10ml culture and cells were 
allowed to grow at 28 oC (200rpm) until an OD600 of 1-1.5 (~4-5h). The 
culture was transferred to chilled falcon tubes (50ml) and placed on ice for 
20min. Cells were then harvested by centrifuging at 4 oC for 15min at 
4,000g. The pellet was gently resuspended in 30ml of cold sterile water. 
Cells were re-harvested at 4 oC for 15min at 4,000g. This wash step was 
repeated three times. The cells were finally resuspended in 4ml (per falcon 
tube) of fresh sterile H2O and placed on ice for 10min. 100μl of cell 





liquid nitrogen. The tubes were then kept at -80 oC for long-term storage 
up to several months for future use.  
2.3.2 Plasmid transformation in A. tumefaciens competent cells  
A tube of frozen GV3101 competent cells was thawed on ice and 1μl of 
purified plasmid was added to the tube and mixed by gentle tapping of the 
tube. The mixture was then transferred into a 1mm Gene Pulser® cuvette 
(Bio-Rad) and subjected to electroporation at 25μF, 2.5kV, 200Ω using a 
MicroPulser® electroporator (Bio-Rad). The electroporated bacterial 
cuvette was placed on ice immediately and revived in 1ml of LB medium 
for 3h with shaking at 28 oC. 15-20μl of the culture was spread evenly onto 
an LB agar plate containing 25μg/ml gentamycin, 10μg/ml tetracycline and 
25μg/ml rifampicin for the selection of the GV3101 strain and kanamycin 
(50μg/ml) for pGreen-based plasmid selection. The plate was incubated at 
28 oC for 2-3 days. The colonies were verified by PCR and the confirmed 
colonies with the transgene were grown in 4ml LB liquid medium 
containing the four-selection antibiotics and used for subsequent floral dip. 
2.3.3. Floral dip and selection of transgenic plants  
 
Agrobacterium-mediated floral dip method was adopted (Clough and Bent, 
1998) for generating transgenic Arabidopsis plants. GV3101 cells 
transformed by a desired construct were cultured at 28 oC for 2 days in 
4ml LB liquid medium containing the desired antibiotics. This culture was 
then used to inoculate a 200ml LB liquid media with respective antibiotics 





pellet was obtained by centrifuging the culture tubes at 4000rpm for 15min 
at room temperature. The cell pellet was re-suspended completely in a 
solution containing 0.25 g/l MES pH adjusted to 5.7, 5% sucrose and 
0.02% surfactant Silwet L-77. Fully opened flowers and siliques of healthy 
Arabidopsis plants were removed and the inflorescence with all flower 
buds were submerged in this Agrobacterium cell suspension for 1min. 
Dipped plants were incubated overnight in the dark (covered with black 
plastic) under high humidity. Plants were then placed back into normal 
growth conditions. Seeds from the dipped plants were later collected as T1 
generation. Seeds obtained were sown on soil and cold-stratified at 4 oC 
for 4 days before transferring to the normal growth conditions. The plants 
were screened by spraying 3% BASTA® (glufosinate-ammonium) at the 
four-leaf stage for the selection of transgenics.  
2.3.4. Genotyping of selected transgenic plants  
 
Plants transformed with desired gene-constructs survive with BASTA 
application and confirms successful integration of the pGreen construct 
with the plant genome. The survivors were re-checked for the presence of 
the transgene using a PCR-based genotyping method. A PCR was carried 
out with primers specific to the vector backbone using the DNA extracted 
from each survivor plant as the template. Plants that gave a PCR 
amplification of the right size were selected and the rest were discarded.  
Genomic DNA extraction (for Arabidopsis) 
Genomic DNA (gDNA) was extracted using the protocol given by 





directly crushed in 300μl extraction buffer (100mM Tris pH 8.0, 50mM 
EDTA (pH 8.0), 500mM NaCl and 1.5% β-mercaptoethanol freshly added). 
The sample was then incubated at 60 oC for 10min with vortexing in 
between. To this, 125μl of potassium acetate (KAc) was added, mixed by 
vortexing and incubated on ice for 5-10min. The samples were centrifuged 
at 14,000rpm for 10min at room temperature and the supernatant was 
transferred to a fresh microfuge tube containing an equal volume of 
chloroform:isoamylalcohol (24:1). The tubes were shaken vigorously and 
then centrifuged at 14000rpm for 10min. The upper aqueous phase was 
transferred into 800μl of 100% ethanol and again incubated on ice for 
30min. The samples were again centrifuged at 14,000rpm for 10min at 
room temperature. The DNA pellets obtained were air dried and dissolved 
in 50μl water.  
The gDNA extracted was then used as template and a PCR was 
performed using appropriate primers to confirm the presence of transgene. 
GoTaq® DNA Polymerase (Promega) was used for the genotyping PCR. 
The positive plants were retained and their seeds were collected to raise 
next generation plants. 
2.3.5. Quantitative Real-Time PCR analysis 
 
Quantitative Real-Time PCR (qRT-PCR) was performed using the 
StepOne Real-Time™ PCR machine (Applied Biosystems). The 
programme used to quantitate gene expression was 20s at 95 °C followed 





PCR kit (KAPA Biosystems, Wilmington, MA, USA) was used for real-time 
analysis. The reaction mixture consisted of 5.2μl of master mix (provided 
in the kit), 0.2μl forward primer, 0.2μl reverse primer, 3.4μl of nuclease-
free water and 1μl of sample cDNA template in a final volume of 10μl. The 
qRT-PCR data were analyzed using the StepOneTM software (v2.1, ABI). 
The primers were designed using the A. officinalis gene sequences. 
Constitutively expressed Ubiquitin 10 was used as the internal control. 
Primers used for amplification of internal control were 5′-
CGCCGGCAAGCAGCTAGAGG-3′ (forward) and 5′-ACCACGGAGCCTG 
AGGAC CA-3′ (reverse) for Ubiquitin10 (AT4G05320) (250bp). 
2.4 Seed sterilization and germination assay in Arabidopsis 
 
Harvested Arabidopsis seeds stored over silica beads were used for the 
assay. Seeds were surface-sterilized by washing the seeds with 100μl 
water for 5min, 100μl 70% ethanol for 2min, 100μl 15% bleach for 5min 
and 5 water washes to remove any traces of bleach. Germination assays 
were done on 1X MS medium containing 1% sucrose and 0.5% Gelrite®. 
For salt treatment, the seeds were sown on MS medium containing 0mM, 
50mM and 200mM NaCl. The sterilised seeds were placed on the plates 
containing MS medium under sterile conditions. The seeds were subjected 
to cold-stratification treatment by covering the plates with aluminium foil 
and were placed at 4 oC for four days. The seed containing plates were 
then transferred to tissue culture room set at 24 oC with 16h light/ 8h dark 






2.5 Southern blotting 
 
2.5.1 Genomic DNA extraction (from Avicennia officinalis) 
 
CTAB buffer composition 
CTAB (Cetyl trimethylammonium bromide) 2% 
TrisHCl (pH-8.0) 100mM  
EDTA, 20mM  
NaCl 1.4M  
PVP (Polyvinylpyrrolidone 40,000) 1% 
β-mercaptoethanol (added just before use) 0.2% 
 
Genomic DNA was extracted from Avicennia officinalis leaves by CTAB 
method (Doyle, 1987) with minor modifications. 0.1g of tissue was ground 
into a fine powder using mortar and pestle in presence of liquid nitrogen. 
The powder was transferred to a 2ml microfuge tube containing 800μl of 
CTAB buffer and the mixture was incubated for about 1h at 60 oC 
(vortexing every 15min once). 750μl of chloroform:isoamylalcohol (24:1) 
was added to the tube and the solution was mixed well. This mixture was 
centrifuged at 10,000g for 10min to remove cell debris and the 
supernatant was transferred to a fresh microfuge tube. 2/3rd volume of 
isopropanol was added to this supernatant and left undisturbed at room 
temperature for 30min. This was then centrifuged at 6,000g for 5min and 
the supernatant was discarded. The pellet was washed with 500μl of 70% 





check the quality of the genomic DNA obtained, 1μl of the extracted DNA 
was fractionated on 1% agarose gel.  
2.5.2 Southern blotting procedure 
 
The extracted genomic DNA from Avicennia officinalis leaves was 
digested with restriction enzymes (EcoRI, HindIII and KpnI). Full length 
probe was amplified using the 5'-ATGTCAGAGTACGGCGA-3' (forward) 
and 5'-ATGGTGGCCTCCGGGCA-3' (reverse) primers. AoDHN1 probes 
were synthesized using Roche PCR DIG labelling kit. Southern blot was 
carried out following the manufacturer’s protocol with no modifications 
(http://www.roche-applied-science.com). 
2.6 Isolation and transfection of Arabidopsis mesophyll protoplasts  
 
Mesophyll protoplasts were isolated from leaves of 3- to 4-week-old wild-
type Arabidopsis (Col-0) plants and transfected using the protocol 
described in (Yoo et al., 2007), with minor modifications. Isolation of the 
protoplasts was done by enzymatic digestion (1.5% cellulase R10 and 
0.4% macerozyme R10). After digestion, protoplasts were pelleted by 
spinning at 200g for 3min. In the PEG-calcium transfection step, solution 
used was 25% PEG (25% PEG dissolved in 0.4M mannitol, 150mM 
CaCl2) and the transfection time was 30min and for each transfection, 
20μg of plasmid DNA was used. The transfected protoplasts were 
incubated overnight (12-16h) in 1ml MMG buffer in the dark instead of the 
recommended WI buffer. Images were acquired 12 to16h after transfection 





excitation at 488nm. For GFP detection, one channel was configured 
between 505 and 530nm and for YFP detection, one channel was 
configured between 512 and 529nm. Auto fluorescence of chlorophyll was 
detected by using a high pass filter (650nm). Representative images of the 
signals obtained were acquired using Carl Zeiss LSM software (ver. 4.0). 
2.7 Physiological methods 
 
2.7.1 Salt treatment for Avicennia officinalis plants 
The mangrove seedlings grown in greenhouse conditions, previously not 
exposed to salt, bearing four nodes were carefully transferred to pots 
containing sand and were allowed to adapt for 2 days by watering with 
half-strength Hoagland’s solution.  
Composition of Hoagland’s solution: The effective final concentration of 
each element in Hoagland’s solution is as follows: N-210ppm, K-235ppm, 
Ca-200ppm, P-31ppm, S-64ppm, Mg-48ppm, B-0.5ppm, Fe-1 to 5ppm, 
Mn-0.5ppm, Zn-0.05ppm, Cu-0.02ppm, Mo-0.01ppm.  
 
Component Stock Solution 
ml Stock Solution/l 
(Final conc.) 
Macronutrients     
2M KNO3 202g/l  2.5 (0.005M) 
1M Ca(NO3)2•4H2O 572g/0.5l  2.5 (0.005M) 
Iron (Sprint 138 iron chelate) 15g/l 1.5 (0.0001M) 
2M MgSO4•7H2O 493g/l 1.0 (0.002M) 








H3BO3 2.86g/l 1  
MnCl2•4H2O 1.81g/l 1  
ZnSO4•7H2O 0.22g/l 1  
CuSO4•5H2O 0.051g/l 1 
H3MoO4•H2O or 0.09g/l 1 




1M KH2PO4 (pH to 6.0) 136g/l 0.5 (0.001M) 
 
The plants were then subjected to salt treatment in half-strength 
Hoagland’s solution. The salt treatment was given for various experiments 
as follows: 
1. with 200mM or 500mM NaCl for a period of 2 weeks;  
2. plants were given a pre-treatment with 200mM or 500mM NaCl for 
3 weeks (induction treatment) after which they were allowed to 
recover for 1 week in normal half-strength Hoagland’s solution, 
followed by a further treatment with 200mM or 500mM NaCl for 1 
week, to measure the ion concentration in the xylem sap, with and 
without an induction treatment.  








2.7.2 Measurement of ion concentrations from leaf secretion and 
plant sap 
 
Leaf secretion was estimated as described by (Boon and Allaway, 1986)) 
with slight modifications. From field-grown trees, leaf washings were 
collected in 50ml Milli-Q water from five leaves, which were considered as 
one replicate. Three such replicates were collected. From greenhouse-
grown plants (two-month-old seedlings, previously not exposed to salt, 
treated with 0mM, 200mM and 500mM NaCl for 15 days), a single plant 
(with two pairs of leaves) was considered as one replicate. The leaf 
secretions were obtained by collecting the leaf washings in 20ml of Milli-Q 
water to from nine such replicates. Leaf areas were calculated using LI-
3100 Area Meter® and the ion concentration in the collected secretions 
were expressed as μmol/cm2.  
Xylem sap was collected using pressure bomb apparatus (Krishnamurthy 
et al., 2014). Twigs from field-grown trees were harvested and stem 
cuttings were used from greenhouse-grown plants (two-month-old 
seedlings, previously not exposed to salt, treated with 0mM, 200mM and 
500mM NaCl for 15 days). The cuttings were mounted in the pressure 
chamber with the cut end facing outside the instrument (Model 610, 
Pressure Chamber Instrument®; PMS Instruments, Albany, OR, USA). 
Pressure was gradually applied (from 0.5 to 3.0MPa by increasing the 
chamber pressure with intervals of 0.5MPa) until the xylem sap started to 
exude from the cut end of the stem, and exuded sap was collected 





xylem sap was measured using Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS), while Cl− was estimated by anion 
chromatography. The initial ion concentration in the external solution 
(500mM NaCl) was considered as 100% and the root filtration efficiency 
(of the seedlings treated with 500mM NaCl and the field-collected 
samples) was obtained by using the following formula: 
 
 
2.7.3 X-ray microanalysis and Scanning Electron Microscope imaging 
 
X-ray microanalysis was carried out as described in (Krishnamurthy et al., 
2014). Leaves from field-grown trees were collected, washed and were 
used for Energy Dispersive X-ray Spectroscopy (EDS) analysis. The 
leaves were dried in room temperature for two days and cut into small 
sections using a scalpel blade. The sections were placed on the glued 
carbon, which was placed on the sample stub, then coated with platinum 
(JEOL JFC-1600 Auto Fine Coater) and viewed with a FESEM (JEOL 
JSM- 6701F FESEM, Tokyo, Japan) equipped for EDS (JEOL JED 2300). 
Images were captured, and area analyses, EDS spectra and digital maps 
were recorded at 15keV.  
2.7.3 Upper epidermal peel isolation 
Upper epidermal peel was isolated as described by (Tan et al., 2010). 
Fresh leaves of A. officinalis either from field or greenhouse plants were 
collected and lower epidermal layers were removed. The leaves were cut 





pectolyase Y-23, 1.0%, driselase and 1.0% cellulase Y-C) for enzymatic 
digestion. These leaf-strips were vacuum infiltrated for 10 min before 
incubating in the dark at 30 oC, 30rpm for 1h. Milli-Q water was added to 
stop the reaction and upper epidermal peels were separated from 
mesophyll-palisade layers by peeling the tissues apart. The upper 
epidermal peels were rinsed with Mill-Q water before use. 
2.8 Quantification of hormones  
 
2.8.1 Extraction of multiple hormones from seeds and siliques  
 
Fresh samples from plants were collected and weighed (100mg) in 2ml 
microfuge tubes to calculate hormone levels per fresh weight of the tissue. 
These samples were snap frozen in liquid nitrogen before extraction. The 
tissues were powdered using a bead-beater homogenizer. The extraction 
was done by sonicating the powdered tissues with 500μl of 80% methanol 
(ice-cold, HPLC-grade) for 30min at 4 oC and kept on a rocking platform 
for 30min (better extraction efficiency). Then, the samples were 
centrifuged at 4 oC for 20min at 14,000rpm. The supernatants were 
collected and centrifugation was repeated to remove small particles.  
2.8.2 LC-ESI-MS/MS analysis  
 
After extraction, 200μl of supernatant was aliquoted and dried using a 
vaccum drier (SpeedVac™) and resuspended in 80μl of 5mM Ammonium 
formate containing 0.1% (v/v) formic acid (HPLC solvent A) to inject into 





and JA by LC-ESI-MS/MS was performed as described in (Seo et al., 
2011). To ensure reliability, the data was generated in samples from six 
independent experiments were analyzed. Conditions and parameters for 
the Agilent G4790A equipped with a ZORBAX Eclipse Plus C18 column 

















GA1 2.79 347.4/229 35 380 Negative 
GA3 2.75 345.1/143.2 40 380 Negative 
GA4 4.94 331.4/213 26 380 Negative 
ABA 3.75 263/153.1 10 380 Negative 
SA 2.90 137/93 15 380 Negative 




Solvent B (Organic) Gradient (composition of 
solventB) 
Water with 0.1% 
acetic acid 
Acetonitrile with 0.1% 
acetic acid 
5-50% over 5min 
 
2.8.3 LC conditions  
Flow rate: 0.4 ml/min 
Time (min)  0  0.5  5.5  5.6  7.6  7.7  12  






2.8.4 MS/MS conditions  
Instrument model: G4790A; Firmware version: A.00.06.39; MS1 and MS2 
heater: 101 oC; Gas temp: 200 oC; Gas flow: 14 l/min; Nebulizer: 35psi; 
Sheath gas temp: 300 oC; Sheath gas flow: 11 l/min. 
2.9 Non-radioactive RNA In Situ Hybridization  
 
In situ hybridization technique was mainly followed from published protocol 
by (Jackson, 1991).  
2.9.1 Preparation of RNA probe 
 
A fragment of DNA that is unique to genes AoDHN1, AoPIP1.1, AoPIP1.2 
and AoPIP2.2 were amplified using forward and reverse primers for the 
above mentioned genes and were cloned into pGEM®-T Easy vector 
system (Promega). These clones were used as templates and were 
amplified using primers, which were designed outside the T7 and SP6 
promoter regions of pGEM®-T Easy vector. The amplified products 
obtained were used as template to prepare RNA probes. The transcription 
reaction was set as follows:  
Template DNA 1μg  
10X Transcription buffer (Roche) 2μl  
10X DIG labeling Mix (Roche) 2μl  
RNase inhibitor (Promega) 1μl  
RNA polymerase (Promega) 2μl  





The reaction mixture was incubated at 37 oC for 2h for transcription to 
occur. Later, 2μl of RNase-free DNase I (10000U, Promega) was added to 
degrade the template DNA and incubated for an additional 30min at 37 oC. 
To confirm the RNA production, 1μl of the reaction was fractionated on 1% 
agarose gel. The transcription reaction was diluted to 100μl with DEPC-
treated H2O and the synthesized RNA was fragmented into pieces of 
150bp length by adding 100μl of 2X carbonate buffer (80mM NaHCO3, 
120mM Na2CO3) to the reaction and incubated at 60 °C for a period of 
time calculated using the following formula: 
 
After hydrolysis, 10μl of 10% acetic acid was added to neutralize the 
reaction. RNA probes were precipitated with mixture of 1/10 volume of 3M 
NaAc (pH-5.2), 2.5 volumes of 100% ethanol and 2μl of 10mg/ml tRNA 
(Roche). Pellets were washed with 70% ethanol (prepared in DEPC-water) 
and re-suspended in 50% formamide. The probes were used at a final 
concentration of 0.5ng/μl/kb RNA. 
2.9.2 Tissue preparation 
 
Leaves from field-grown Avicennia officinalis trees were collected and 
used for in situ RNA hybridization analysis. Leaves were washed 
thoroughly in distilled water, dried to remove excess water and cut into 
small rectangular pieces (~0.5cm×0.8cm) before the leaf pieces were fixed 





was applied to samples for 15min or more until the tissue sank. Fixative 
was replaced with fresh solution and incubated in 4 oC for 2 days. 
10X PBS stock:  




Tissues were washed in 1XPBS twice for 30min and dehydrated 
approximately for one hour in each ethanol series (30%, 40%, 50%, 60%, 
70% and 85%) at 4 oC. Finally, the tissues were left in 95% ethanol with 
0.05g/ml of eosin overnight at 4 oC. After dehydration, tissues were 
cleared approximately for one hour in each in Histoclear/ethanol series 
(2×30 min 100% ethanol with eosin, 2×60min 100% ethanol with eosin, 
60min 25% Histoclear in ethanol, 60min 50% Histoclear in ethanol, 60min 
75% Histoclear in ethanol, 2×60min 100% Histoclear) at room 
temperature. Finally, the tissues were immersed in 100% Histoclear with 
1/4th volume of paraplast chips (paraplast chips dissolve in Histoclear) and 
incubated overnight without shaking.  
On the next day, tissues were transferred to a 42 oC incubator until 
paraplast chips were melted. 1/4th volume paraplast chips were added 
again and tissues were moved to 55 oC for several hours. The 
wax/Histoclear mixture was replaced with freshly melted wax and 
incubated overnight at 55 oC. For the subsequent four days, fresh wax 





(longer side towards the bottom) and allowed to solidify at room 
temperature. Tissues were stored at 4 oC for later use. 
2.9.3 Sectioning 
 
Wax blocks containing leaf tissues were cut appropriately and heat-fixed 
on a wooden block. These wooden blocks were then fixed onto ultra-
microtome for taking sections as thick as 10μm. ProbeOn Plus™ glass 
slides (Fisher Biotechnology) were placed on the top of a 42 oC heated 
slide warmer with DEPC-treated water on top of it. Wax sections were 
placed on these slides. The heated H2O allows the ribbon to flatten out on 
the slide and by removing excess H2O the tissues adhere to the glass 
surface easily on the slides. The slides were kept on the slide warmer at 
42 oC overnight to achieve complete drying and tight adherence of tissues 
onto slides. Sectioned tissues can be stored for several weeks at 4 oC.  
2.9.4 In situ pre-treatment of samples 
 
Glass slides containing tissue sections were placed in a glass slide holder 
for further processing. The tissues were deparaffinized by washing twice 
with Histoclear (12min each wash) and rehydrated using ethanol/DEPC-
H2O series (2×2min 100% ethanol, 1min 95% ethanol, 1min 90% ethanol, 
1min 80% ethanol, 1min 60% ethanol, 1min 30% ethanol, 1min H2O). After 
rehydration, tissues were incubated in 2XSSC prepared from a 20XSSC 






Composition of 20X SSC stock: 
NaCl  3M 
NaH2C6H5O7 (Sodium citrate), pH adjusted to 7.0 300mM 
 
This was followed by 30min proteinase K (2μg/ml in 100mM Tris pH 8.0, 
50mM EDTA) incubation at 37 oC. After that, the tissues were incubated in 
2mg/ml glycine in PBS for 2min to quench proteinase-K activity. The 
tissues were then washed with 1XPBS twice for 2min at room 
temperature. Later the tissues were fixed with fresh 4% (w/v) 
paraformaldehyde prepared in 1XPBS pH-7.0 at room temperature for 
10min. After fixing, the tissues were washed in PBS twice for 5min. Then, 
slides were incubated in triethanolamine solution for 10min (freshly-
prepared by adding 2.68ml of triethanolamine into 200ml RNase-free H2O 
containing 0.8ml of HCl and 1ml of acetic anhydride, mixed vigorously) 
and followed by two 5min washes with 1XPBS. Finally the tissues were 
dehydrated with ethanol/DEPC-H2O series (30s 30%ethanol, 30s 60% 
ethanol, 30s 80% ethanol, 30s 90% ethanol, 30s 95% ethanol and 2×30s 
100% ethanol).  
2.9.5 In situ hybridization  
 
Hybe solution containing 100μl 10X in situ salts (3M NaCl, 100mM Tris 
pH-8, 100mM Na Phosphate pH-6.8, 50mM EDTA), 400μl deionised 
formamide, 200μl 50% dextran sulphate, 20μl 50X Denhardt’s solution 





(DEPC-treated) was prepared. The RNA probes were denatured by 
adding formamide (2μl RNA probe + 60μl 50% formamide) followed by 
heating at 80 oC for 2min and immediate cooling on ice. After 
denaturation, Hybe solution was added to RNA probe and the slides were 
sandwiched together and the Hybe solution was pulled up by capillary 
action. Slides were placed on an elevated rack in a sealed plastic 
container containing sterile H2O and incubated at 50 oC in a hybridization 
oven overnight.  
2.9.6 Post-hybridization  
 
Sandwiched slides were separated by dipping in 55 oC pre-warmed 0.2X 
SSC buffer before placing in the glass slide holder. The tissues were 
washed three times with 0.2X SSC for 60min at 55 oC in a shaker 
incubator. Later, the tissues were washed with 1X PBS buffer at room 
temperature for 5min. Subsequently, the tissues were blocked for 45min 
with 1% Boehringer blocking reagent dissolved in 100mM Tris pH-7.5, 
150mM NaCl, followed by another 45min incubation with a second 
blocking solution (BSA/Tris/NaCl/Triton) containing 1% Bovine Serum 
Albumin (BSA) dissolved in 100mM Tris pH-7.5, 150mM NaCl, 0.3% Triton 
X-100. The incubation steps were performed at room temperature on a 
shaker. After blocking, anti-DIG antibody (Roche) was diluted 1:500 in 4ml 
of new BSA/Tris/NaCl/Triton solution described in previous washing step, 
and the slides were sandwiched together to pull up the antibody solution 
by capillary action. Solution was drained on Kimwipes and the dipping 





plastic container containing sterile H2O and left undisturbed at room 
temperature for 2h. After antibody incubation, slides were drained on 
Kimwipes and washed with BSA/Tris/NaCl/Triton solution four times for 
15min each at room temperature on a shaker. A final wash with 100mM 
Tris pH-9.5, 100mM NaCl, 50mM MgCl2 solution for 10min was done to 
remove detergent and maintain the pH. The substrate solution Tris-NaCl-
PVA for color development was prepared. 10% (w/v) 40kDa polyvinyl 
alcohol (PVA) (Sigma) was dissolved in Tris pH 9.5/NaCl/MgCl2 solution 
(solution was heated in microwave several times to dissolve properly and 
then cooled). 60μl of NBT/BCIP stock solution (Roche) was added to 3ml 
of Tris-NaCl-PVA substrate solution. 200μl of prepared substrate solution 
was added to each pair of slides, which were then sandwiched together. 
Slides were kept on an elevated platform in the plastic container 
containing sterile H2O and incubated in dark for 24h at room temperature. 
On the next day, slides were separated, washed with tap water to stop the 
reaction and placed in the glass slide holder. The slides were dehydrated 
by washing with 70% ethanol for 5s and 2 times with 100% ethanol for 2s 
each. Slides were air dried and cover slip was placed with 50% glycerol for 
maintenance of signals and observation under microscope.  
2.10 Functional assay of AoDHN1 in E. coli 
 
The coding region of AoDHN1 was amplified using 5'-
GATCCATGTCAGAGTACGGCGA-3' (forward) and 5'-
CTCGAGTTAATGGTGGCCTCCGGG-3' (reverse) primers with BamHI 





generate a fusion AoDHN1 construct in over-expression vector. This 
fusion plasmid was transfected to E. coli BL21 cells by heat shock method. 
The transformed BL21 cells were first grown to log phase OD600 = 0.5. 
Equal amount of these cells were transferred to sterile culture tubes with 
10 ml of LB medium containing 100μg/ml ampicillin, 1mM IPTG (final 
concentration) with differing NaCl and PEG concentrations. Finally 
treatments with 400mM NaCl, 10% PEG (PEG 4000) and 500mM mannitol 
(final concentration) were considered for the experiment. The cells were 
allowed to grow at 37 °C and the growth was monitored at OD600 
2.11 Swelling assay in Xenopus laevis oocyte system 
 
Xenopus laevis females were obtained from NCBS (National Center for 
Biological Sciences, Bangalore, India) animal house facility. The animals 
were anesthetized by giving 1.5g of 3-aminobenzoate methane sulfonate 
salt and 0.8g sodium bicarbonate to maintain the pH in 1000ml RO 
(Reverse Osmosis) water. A healthy frog with bulged stomach was 
transferred into the solution and was allowed to be in the buffer for about 
10-15min. Once the frog showed no movement, it was confirmed 
anesthetized and ovarian lobes were removed by following standard 
surgical protocol. 
The tissue adhering to oocytes was digested by giving collagenase 
treatment (15mg in 30ml 1X ORMG buffer) for 1h. Healthy looking oocytes 
(animal pole with even color, sharp border between both poles) were 
selected and stored in 1X ND96 buffer with horse serum at 18 oC 





mRNA (approximately 1ng/nl) or water was injected to the oocytes using 
microinjector (Drummond Nanoject II). The oocytes were incubated for 3-4 
days at 18 oC in buffer containing in1X ND96 with horse serum with 
frequent buffer changes. 
Water permeability of oocytes was examined by exposing the water-
injected and poly(A) RNA-injected oocytes to hypo-osmotic medium. 
Oocytes were transferred singly into dish containing hypo-osmotic solution 
and the swelling was captured by imaging (Nikon ECLIPSE TE2000E, 
Cascade II:512). All these experiments were conducted by me, under 
expert supervision, during a couple of research attachment visits to the 
NCBS laboratory of Dr. M.K. Mathew. 
2.12 Tissue preparation for subtractive hybridization  
 
A. officinalis leaves collected from several field-grown trees were used for 
SH. The upper epidermal peels were separated from the mesophyll as 
described earlier (Section 2.7.4) and kept frozen separately in -80°C until 
RNA was extracted. Total RNA was isolated using Qiagen plant 
RNAeasy® kit, from the upper epidermal peels and mesophyll cells. SH 
was performed using the upper epidermal peel RNA (rich in salt glands) as 
the tester and mesophyll tissue RNA as the driver. mRNA was converted 
to cDNA, which was followed by PCR amplification of cDNA fragments 
from driver and tester. Differences in relative abundance of transcripts 
from the tester were isolated and sequenced. SH service was obtained 






Data cleaning and gene annotation 
The ESTs of the raw mangrove data were cleaned up to remove the 
duplicate sequences using the program LAST (http://last.cbrc.jp/). The 
aligned sequences having 99% identity were created using the parameter 
`lastal -r1 -q99 -a0 -b99 -e150`. The duplicate sequences were then 
removed based on 100% identity.  
Putative functions were assigned for the unique genes by comparing the 
unique ESTs against all genes including experimentally verified, predicted 
and hypothetical genes of the following plant species : Arabidopsis 
thaliana and  Oryza sativa,  Glycine max, and Populus trichocarpa by 
NCBI- BLASTX Algorithm (Altschul et al., 1990). For this purpose, the 
cDNA sequences of these plants species were downloaded from Plant 
GDB database (http://www.plantgdb.org/). Since the cDNA sequences 
were not available for Avicennia marina, the EST sequences were used to 
find out the gene similarity. Blast results having more than 70% identity 
with an e-value cut off of 1e-10 and blast scores more than 50 bits were 
considered as significant.  
2.13 Tissue preparation for transcriptome analysis  
 
A. officinalis leaves collected from two-month-old seedlings were used for 
transcriptome analysis. The upper epidermal peels were separated from 
the mesophyll as described earlier (Section 2.7.4). Immediately after 
isolation, salt gland-rich tissues were subjected to 50mM NaCl treatment 
for 30min and the control was incubated in a solution without NaCl for the 





was extracted. Total RNA was isolated using Qiagen plant RNAeasy® kit, 
from the control and treated tissues.  
Transcriptome analysis was performed using the RNA of both control and 
treated salt gland-rich tissues. The mRNA samples were subjected to heat 
denaturation and cut into small fragments. Later the fragments were 
converted to cDNA using linker-adapters and sequenced using 
Sequencing by synthesis (SBS) technology. This technology uses four 
fluorescently-labeled nucleotides (A, T, G and C) to sequence the tens of 
millions of clusters. The end result generates numerous sequences which 
will be assembled.  
Transcriptome assembly and annotation 
Transcriptome de novo assembly was carried out with short reads 
assembling program – Trinity (Grabherr et al., 2011). The assembled 
sequences were called ‘Unigenes’ which were annotated using BLASTX 
and several protein and EST databases (Pertea et al., 2003; Ye et al., 




















Chapter 3 : Physiological and morphological studies in 
Avicennia officinalis 
 
In this Chapter, results from various physiological studies related to salt 
secretion conducted with mature trees (field-grown) and two-month-old 
greenhouse-grown seedlings of Avicennia officinalis are described. The 
leaf structure and distribution of salt in the salt glands of A. officinalis were 
studied using Scanning Electron Microscope (SEM). Preliminary 
investigations were also conducted on salt filtration at the roots and salt 
secretion in the leaves of A. officinalis two-month-old seedlings, which 
were not exposed to salt prior to the experiments. Changes in hormone 
levels in response to salt treatment were analyzed using mass 
spectrometry. The effect of salt treatment on A. officinalis seedlings with 
increasing salt concentration was also examined. Most of these studies 
have not been previously reported in A. officinalis, and they have helped 
us gain a better understanding of the physiological processes related to 
salt secretion in this mangrove species. 
3.1 Background 
 
Mangroves are halophytic plants, which complete their life cycle under 
saline conditions (Flowers et al. 1986). Salinity in the mangrove 
environment is largely due to NaCI and it varies in time and space from 
freshwater to hypersaline conditions. The salt concentration in seawater is 
approximately 35g/l, which in solution includes 483mM Na+ and 558mM 
Cl- (Harvey, 1955). Na+ is not essential, but does facilitate osmotic 





halophytes like Avicennia and other genera, Na+ plays an important role in 
long-term natural growth of the plants (Wang et al., 2011). However, at 
high concentrations Na+ limits growth of most of the plants (Blumwald, 
2000). 
Mangrove trees have adapted to survive in uncompromising surroundings 
with several specialised morphological adaptations. For instance, salt-
secretion in the leaves with the help of salt glands (Parida and Jha, 2010), 
presence of hypodermal cells below the upper leaf epidermis for water 
storage (Werner and Stelzer, 1990). These plants also exhibit 
sequestration of high amounts of Na+ and Cl- in the hypodermal vacuoles. 
These vacuoles store the excess amount of toxic ions thereby maintaining 
a balance ion concentration in the cytosol. However, inhibition of leaf 
development occurs in the absence of salt in some of the mangrove plants 
(Clough, 1984). In addition, a characteristic thick cuticular waxy layer on 
the leaves minimizes transpiration, thereby reducing water loss in 
mangrove plants. 
Plants need to maintain internal water potential below that of the soil water 
in order to maintain turgor and water uptake for growth. This requires an 
increase in osmotica, either by uptake of soil solutes or by synthesis of 
compatible solutes. This drought component of salinity poses a dilemma to 
plants: the major, cheap solutes in saline soils are Na+ and Cl-, but excess 
amounts of these are toxic in the cytosol (Tester and Davenport, 2003). 
Na+ enters the leaf apoplast via xylem stream and gets concentrated 
(possibly up to several hundred mM) due to the evaporation of water 





cells). This process of Na+ toxicity was initially suggested by Oertli (Oertli, 
1968) and later was experimentally verified by X-ray micro analysis 
measurements of Na+ concentration in the apoplast of rice leaves (Flowers 
et al., 1991). Therefore, this makes it more reasonable for salt glands to 
reside and function on the leaves than in any other region of the plant. 
Salt secretor mangroves like Avicennia officinalis are known to filter high 
amounts of salt at roots and secrete the excess NaCl via leaf salt glands 
(Drennan et al., 1987; Shimony et al., 1973), thus maintaining lower Na+ 
levels. Various studies related to ultrafiltration (Scholander, 1968; 
Scholander et al., 1966; Scholander et al., 1962) and salt secretion (Boon 
and Allaway, 1986; Dschida et al., 1992; Tan et al., 2013) have been 
carried out. Most of the mangrove-related studies are based on field-
grown plants, which are exposed to uncontrolled amounts of salt prior to 
the experiment. Experiments that are performed in controlled conditions, 
e.g., using seedlings that were not exposed to salt prior to the 
experimentation are rare but essential for a better understanding of the 
specific effects of exposure to salt. 
Hormones control most of the important aspects in plants such as plant 
growth, development and response to biotic and abiotic cues. There are 
several classes of hormones of which abscisic acid (ABA), jasmonates 
(JA), salicylic acid (SA) and gibberellins (GAs), are known to play 
important roles in mediating stresses and exhibit characteristic biological 
effects. These hormones integrate environmental signals and control 
physiological responses in the whole plant during both biotic and abiotic 





hormone-related work in mangroves is not a very well-studied subject. 
Quantitative profiling of multiple hormones from different plant tissues can 
provide a basis for understanding the relation of plant-hormone in 
response to environmental changes. 
In this study, we have reconfirmed some of the known facts, which add to 
our better understanding of the mangrove A. officinalis. We have 
performed experiments based on existing data to investigate the salt 
tolerance in this mangrove species. Our study on leaf anatomy has shown 
that A. officinalis leaves exhibit a xerophytic character. We have shown 
the salt gland structure and location on leaves along with studies on salt 
gland distribution in the leaves. We have checked the salt filtration at roots 
by analysing the xylem sap contents in both field-grown trees and two-
month-old seedlings. We have investigated the amounts of secretion from 
leaves of both field-grown trees and two-month-old seedlings. Also, we 
have quantified various hormones from several tissues of both field-grown 
trees and two-month-old seedlings with and without exposure to salt. 
3.1 Results 
 
Avicennia officinalis leaf structure 
Avicennia officinalis leaf structure was studied using both fresh and dried 
leaves collected from field-grown trees. Fresh leaves that were fixed and 
paraffin-embedded could be easily subjected to microtome sectioning and 
were later visualized using a compound microscope. For SEM imaging, 
leaves were dried in two ways: (1) kept at room temperature (about 22 °C 





strips and lyophilized before taking sections. However, sections obtained 
from leaves dried at room temperature consistently yielded better images 
than the lyophilized tissues. Hence, the room temperature drying method 
was used for our SEM studies. 
Transverse section of A. officinalis leaves were taken to visualize the leaf 
structure. Scanning Electron Microscope (SEM) images revealed several 
anatomical details of both young (node 1) and mature (node 5) A. 
officinalis leaves collected from field-grown trees. Sections of the young 
leaves exhibited relatively poorly differentiated tissues (Figure 3.1A and 
3.1C). The palisade and spongy mesophylls are not distinguishable at this 
stage of development. Salt glands are hardly evident on the epidermal 
layers of young leaves due to the profusely developed trichomes on both 
layers of epidermis. In contrast, mature leaf sections showed the presence 
of dense trichomes only on the abaxial (lower) surface (Figure 3.1B). A 
prominent and thick layer of cuticle was present on the upper epidermal 
cell layer (Figure 3.1D). Well-differentiated cell layers such as the upper 
(adaxial) epidermal layer under a thick layer of cuticle, several layers of 
water storage cells, columnar palisade mesophyll cell layers, spongy 
mesophyll cell layers and abaxial surface with thick layer of trichomes 
were evident (Figure 3.1D). Salt glands are also covered with a thick layer 
of cuticle and appear to be embedded within the adaxial surface, 
compared to a protruded appearance on the abaxial surface. Presence of 
trichomes hides the salt glands and makes them rather indistinguishable 





during maturation and hence salt glands are clearly visible on the adaxial 
surfaces of mature leaves of A. officinalis. 
 
Figure 3.1: Sections of A. officinalis young and mature leaves 
A) SEM image of a transverse section of young (node 1) leaf tissue showing trichomes on 
both adaxial and abaxial layers. B) SEM image of a transverse section of mature (node 5) 
leaf tissue showing smooth adaxial surface and trichomes on abaxial surface. C) 
Fluorescent microscopic image of a paraffin-embedded young leaf section showing 
trichomes on both adaxial and abaxial layers. D) Fluorescent microscopic image of a 
paraffin-embedded mature leaf section showing trichomes on the abaxial surface and salt 
gland on the adaxial surface (arrow). Inset of D is the enlarged image of the salt gland. 
 
Avicennia officinalis leaves are smooth and shiny on the adaxial surface 
and leathery on the abaxial surface (Figure 3.2A and 3.2B). The presence 
of salt crystals on adaxial surface of actively secreting mature leaves can 
be seen in the SEM images; in contrast, numerous trichomes are visible 
on the abaxial surface (Figure 3.2C and 3.2D). Furthermore, SEM image 
of the transverse section of dried mature leaves discloses the presence of 






Figure 3.2: Adaxial and abaxial surfaces of A. officinalis fresh and dried leaves 
A) Adaxial and B) abaxial surfaces of a mature leaf from field-grown tree of A. 
officinalis. SEM images of dried mature leaf from field-grown A. officinalis tree showing 
C) adaxial layer filled with salt crystals D) abaxial layer filled with trichomes E) 
transverse section of dried mature leaf showing salt crystals (arrow) within the mesophyll 
cells. Inset of E is the enlarged image of salt crystals. F) arrow show salt crystals inside 
the cells. Inset of F is the enlarged image of the cell surrounded by salt crystals. 
 
Salt gland structure and distribution on the leaves 
Salt gland density was calculated from the leaves collected from field-
grown Avicennia officinalis trees. The nodal positions on the twigs is 
represented in Figure 3.3B from which the leaves were chosen for salt 





young (node 2) leaves is high compared to mature (node 5) leaves. Young 
leaves show approximately 200 salt glands/cm2 and mature leaves show 
up to 150 salt glands/cm2. The difference in salt gland number between 
node 2 and node 5 leaves seems to be significant (Figure 3.3A). On a 
mature leaf, salt glands appear as button-shaped structures embedded in 
the cuticle layer of the adaxial side of the leaf (Figure 3.3C). As the leaf 
matures, salt glands can be clearly distinguished from trichomes (Figure 
3.3D, arrows indicate salt glands).  
 
Figure 3.3: Determination of salt gland density in A. officinalis leaves 
A) Salt gland density from different nodes of field-grown A. officinalis trees. An average 
of salt gland numbers from six different regions of each leaf was taken to calculate the 
salt gland density. Data represent means ± SE from five biological replicates. Asterisks 
indicate a significant difference in salt gland number compared to node 2 as indicated by 
Student’s t-test (p<0.05). B) Pictorial representation of the different nodal positions used 





view). D) SEM showing cup-shaped trichomes and button-shaped salt glands (arrows) on 
adaxial layer of mature leaf. 
 
Ion distribution in salt gland cells 
Transverse section of dried mature leaves reveals that the salt glands 
remain as distinct entities on the adaxial surface. Salt glands are 
embedded in the adaxial surface and a layer of cuticle separates the salt 
glands from neighbouring cells (Figure 3.4A). An individual salt gland 
consists of three different types of cells, namely, secreting cells (Se c), 
stalk cells (St c) and collecting cells (C c) (Figure 3.4B). The collecting 
cells are directly in contact with the mesophyll cells. From Figure 3.4A, it is 
evident that the secretory cells and stalk cells have limited contact with 
neighbouring cells. Subsequently, concentrations of several ions in the salt 
gland cells were analyzed. When the ion contents were measured, it was 
observed that Na+ and Cl- were the predominant ions found in salt glands 
(Figure 3.4D). It also showed that the stalk and collecting cells contain 
significantly high amounts of Na+ and Cl- compared to secretory cells. 
However, smaller amounts of K+ and Ca2+ were observed, which remained 






Figure 3.4: Salt gland structure from A. officinalis leaves 
A) SEM image of mature leaf tissue showing salt gland on adaxial layer. B) Transverse 
section of paraffin-embedded mature leaf tissue showing salt gland structure C) SEM 
image showing salt secretion within the dense trichomes of young leaf. D) Ion 
distribution in salt glands measured by Scanning Electron Microscope Energy Dispersive 
X-ray Spectroscopy (SEM EDS). Data represent means ± SE from thirteen biological 
replicates. Asterisks indicate a significant difference in amount of ions compared to 
secretory cells as indicated by Student’s t-test (p<0.05). 
 
Avicennia officinalis has evolved with specific adaptation in roots and 
leaves to avoid deleterious effects of salt. To investigate the efficiency of 
these adaptations salt filtration at roots and salt secretion from leaves 
were studied. The amount of salt from the xylem sap of A. officinalis field-
grown tree was tested (Figure 3.5A). Sap was extracted from the twigs by 
applying high pressure using a pressure chamber where the shoot cutting 
was kept (Figure 3.5D). The exuded sap was collected to measure Na⁺ 





of Cl- were present in the sap collected from twigs of A. officinalis trees. 
About ∼90% of the salts were filtered from the field-grown trees compared 
to sea water. To investigate whether the filtration of salts at the roots was 
dependent on the concentration of salt in the external medium, two-month-
old seedlings that were not previously exposed to salt were used. These 
two-month-old greenhouse-grown plants were exposed to salt (0mM, 
200mM and 500mM NaCl) for 15 days and the xylem sap was collected 
and Na⁺, Cl⁻ and K⁺ were estimated (Figure 3.5B). A dose dependent salt 
increase in the sap was observed. ~20mM of Na+, ~10mM of K+ and 
~25mM of Cl- were measured from the sap collected from the stem 
cuttings of plants treated with 500mM NaCl (equivalent to sea water salt 
concentration). Approximately, 95% of the salts were filtered from the two-
month-old seedling of A. officinalis compared to the external treated salt 
solution. This indicates, as the salt concentration in the external medium 
increased the amount of salt in xylem sap increased.  
 
Specific effect of salt stress was studied by giving an induction salt 
treatment to two-month-old A. officinalis seedlings. In order to determine 
the effect of prior exposure to salt on subsequent salt uptake, seedlings 
that were pre-treated with 0mM, 200mM and 500mM NaCl for 3 weeks 
following a recovery period of 1 week in normal half-strength Hoagland’s 
solution were again treated with 200mM and 500mM NaCl for 1 week. The 
xylem sap from the control and treated plants was extracted and analyzed. 







Figure 3.5: Estimation of ions in xylem sap of A. officinalis 
A) Concentration of ions in xylem sap collected from the twigs of field-grown trees. B) 
Concentration of ions in xylem sap collected from stem cuttings of two-month-old 
seedlings subjected to NaCl treatments (0mM, 200mM and 500mM) for 2 weeks. C) Na+ 
concentration in xylem sap collected from the revived plants. 2 month-old greenhouse-
grown plants were given induction salt treatment with 200mM or 500mM NaCl for 3 
weeks and allowed to recover for 1 week in normal half-strength Hoagland’s solution. 
Then these plants were treated with 200mM or 500mM NaCl for 1 week, and ion 
concentration in the xylem sap, with and without an induction treatment were measured. 
Data represent means ± SE from five biological replicates. Asterisks indicate statistically 
significant differences between ion content in control and treated plants as indicated by 
Student’s t-test (p<0.05). D) Representation of a pressure chamber E) Two-month-old 







previously exposed to salt was lower compared to that of the control plants 
that had no prior exposure to salt (Figure 3.5C). 
 
After establishing the fact that roots help to carry out ultrafiltration of a 
significant amount of salt from the external medium while taking up water 
and minerals into the xylem (xylem sap analyses) we wanted to test the 
salt secretion at the leaves.  
 
Avicennia officinalis salt gland function 
The amount of salt secretion from the leaves of field-grown trees was 
tested. Na+ and Cl- were found to be predominant in the secretion (Figure 
3.6A). Furthermore, salt secretion in two-month-old seedlings (previously 
not exposed to salt) treated with 0mM, 200mM and 500mM NaCl solution 
for two weeks was tested. The amount of secretion showed a dose 
dependent increase in NaCl treated plants (Figure 3.6B and 3.6E). It was 
evident that plants treated with high concentrations of salt showed higher 
amount of Na+ and Cl- compared to the control plants, which were not 
treated with any salt solution. 
Although, salt glands are present on both adaxial and abaxial surfaces of 
the leaves, it is apparent from our study that the salt glands present on the 
adaxial surface of leaves are actively participating in salt secretion. To 
examine the self-regulating function of salt glands, isolated upper 
epidermal peels from the leaves of field-grown trees were floated on 
several concentrations (0mM, 50mM, 100mM and 200mM) of NaCl 





the salt glands on the upper epidermal peels. Secretion globules on the 
upper epidermal peels floated on 50mM NaCl (Figure 3.6C) were high in 
number compared to the peels floated on other concentrations of NaCl 
solutions. This shows that the salt glands were actively secreting after 
isolating from the leaves for a period of 12-15h. The optimum secretion 
activity in this experimental setup appears to be at 50mM NaCl, which is 
near to the salt concentration in the xylem sap. When the salt 
concentration was higher, the salt glands were not able to function 
























































Figure 3.6: Estimation of ions in leaf secretions of A. officinalis 
The ion concentrations in the secretions collected from A) leaves of field-grown trees and 
B) control and treated (200mM and 500mM NaCl) leaves of two-month-old seedlings 
measured by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) and 
anion chromatography. The ion concentrations in the secretions are represented as 
μmol/cm2 of leaf area. Data represent means ± SE from nine biological replicates. C) 
Isolated upper epidermal peel floated on NaCl solution for about 12h showing secretion 
globules above individual salt glands. D) Salt crystals on the adaxial surface of mature 
leaf from field-grown tree E) Comparison of salt secretion in control and treated (200mM 




After understanding the roles of roots and leaves in salt filtration and salt 





secretor mangrove A. officinalis, our focus was to investigate on the plant 
hormones. Hormones generally function by influencing cell differentiation, 
elongation, and division. When plants undergo stress conditions, stress-
related hormones activate cellular responses including cell death, to 
maintain favourable conditions in plants.  
 
Quantification of plant hormones in Avicennia officinalis 
Plant hormones were quantified from several tissues of field-grown trees 
of A. officinalis. Young leaves (node 1), mature leaves (node 5), buds, 
stems, and flower tissue were used to measure the hormones. Root tissue 
was eliminated from the study due to the limitation in collecting the root 
samples in the mangrove swamps. Methanol extracts of the tissues were 
injected to mass spectrometer to analyse the hormone levels. ABA, JA 
and GA4 were the major hormones found to be abundant in all the tissues. 
ABA was found to be high in flowers and buds, JA was high in stem, 
mature and young leaves and GA4 in stem sample was found to be high 
compared to any other tissues (Figure 3.7). GA1, GA3 and SA levels were 




















Figure 3.7: Percentage of hormones estimated from different tissues of field-grown 
Avicennia officinalis trees 
Amounts of hormones gibberlic acid (GA1, GA3, GA4), salicylic acid (SA), abscisic acid 
(ABA) and jasmonic acid (JA) were estimated from the fresh tissue and the hormone 
concentrations are represented in percent for the respective tissues.  
 
As the field-grown Avicennia officinalis trees are subjected to salinity 
stress constantly, we were interested to study the response of plants that 
were not exposed to salt. Two-month-old Avicennia officinalis seedlings 
were subjected to 500mM salt treatment and the temporal changes in 
hormone levels was monitored in both leaves and roots. As shown in 
Figure 3.8, there were no significant changes in the levels of hormones in 
leaves. A steady level with small insignificant changes in the levels of 
ABA, JA, SA and GA was observed in the leaf tissue. However, the levels 
of hormones in root samples showed some significant changes. Within 
30min of salt treatment, ABA levels increased about twofold, and in 2h 
threefold increase was seen in root tissues. After 2h, there was a steady 
decrease in the level of ABA up to 48h. JA levels were high initially and 
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Figure 3.8: Quantification of hormones in leaves of two-month-old A. officinalis 
seedlings up on salt treatment. 
A. officinalis seedlings were treated with 500mM NaCl and the leaf tissues were collected 
at different time periods. Different levels of ABA, JA, SA and GA4 from the leaf tissues 
were quantified. Data represent means ± SE from six biological replicates. Values 
superscripted with different alphabet show significant difference compared to others as 
indicated by Tukey’s test (p<0.05). 
 
Although SA levels were detected at very low levels it remained almost 
unchanged throughout 48h treatment. GA4 levels showed twofold increase 
after 24h salt treatment. As seen in the Figures 3.8 and 3.9 roots were 
responsive to salt treatment and showed significant changes in the levels 
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Figure 3.9: Quantification of hormones in roots of two-month-old A. officinalis 
seedlings up on salt treatment. 
A. officinalis seedlings were treated with 500mM NaCl and the root tissues were collected 
at different time periods. Different levels of ABA, JA, SA and GA4 from the root tissues 
were quantified. Data represent means ± SE from six biological replicates. Values 
superscripted with different alphabet show significant difference compared to others as 




High salinity poses a challenge for mangroves to extract water from soil, 
although the soils in which mangroves grow are usually water logged. As a 
consequence, mangrove species have developed morphological 
characters for high water use efficiencies, a characteristic feature of 
terrestrial xerophytes (Ball, 1988; Clough and Sim, 1989; Clough, 1982). 
Marked changes in leaf anatomy take place during leaf expansion i.e., 
differentiation of water tissue, differentiation of the remaining tissue to 
palisade and spongy mesophyll (Fahn and Shimony, 1977). Similarly, in 
our study, transverse section of mature A. officinalis leaf showed a well-





tissue differentiation is followed by the development of the intercellular air 
spaces, which is initiated by the autolysis of the cells immediately below 
the guard cells and subsequently autolytic space formation occurs 
throughout the mesophyll. A similar finding was observed in Avicennia 
officinalis leaf structure from the current study (Figure 3.1D), which is in 
line with the general leaf morphology. 
Leaves of A. officinalis contain both trichomes and salt glands, which are 
also known to be phylogenetically related and help in maintaining salt and 
water balance (Fahn and Shimony, 1977). The exact function of trichomes 
in Avicennia officinalis leaves is not identified so far, but as indicated 
earlier, trichomes are predominantly seen on the abaxial surface of leaves. 
In young seedling, these trichomes may help to trap air and avoid the 
entry of water molecules into leaves when the plants are submerged in 
water during high tides. On the other hand salt glands, which actively 
participate in secretion, are mostly on abaxial surface of the leaves. Most 
of the salt gland structure is cutinized and well separated from the 
neighbouring cells (Figure 3.4A), which could help to avoid backflow of 
secreted substances through the apoplast (Drennan et al., 1987; 
Krishnamurthy et al., 2014; Shimony et al., 1973). One study related to 
salt gland-function claimed that salt glands function efficiently during the 
young stages of leaf and later they degenerate as the leaf matures 
(Drennan and Berjak, 1982). This could be one of the reasons for an 






Salt glands secrete salt and such a secretion process is known to be an 
energy dependent process (Tan et al., 2013). From our study, it is shown 
that higher the salt treatment higher is the secretion from leaves (Figure 
3.6B). This suggests that there could be a salt sensing mechanism for salt 
glands to internally control salt levels and keep the secretion machinery 
active. Another interesting aspect of our study was the ion content in 
different cells of the salt gland (Figure 3.4D). From our study, we have 
shown that the ion content in secretory cells was low compared to stalk 
cells and collection cells. This observation suggests that salt secretion is a 
dynamic process, due to constant secretion at high salt levels; secretory 
cells might retain low amounts of ions. We have also shown that the salt 
glands are heavily cutinized (Figure 3.4A), which clearly conveys that 
there is no exchange of salts from the neighbouring cells and only 
collecting cells are in direct contact with mesophyll cells (Figure 3.4A and 
3.4B), which supports that the secretion is mostly due to symplastic (cell to 
cell) movement of salts (Krishnamurthy et al., 2014). It could also be 
possible that due to accumulation of ions extensively, the cell size of 
collecting cell are much bigger than stalk or secretory cells We have 
demonstrated that salt glands are able to function independently, when 
isolated epidermal peels were floated on an artificial medium containing 
salt solution (Figure 3.6C). This allows us to use the isolated upper 
epidermal peel as a system to further study the function of salt glands 
under controlled conditions. 
The Na⁺ and Cl⁻ amounts in the xylem sap correspond to ~10% of the total 





compared to K⁺ levels (Figure 3.5A). From this study it is shown that Na+ 
and Cl- levels in the xylem sap were found to be significantly lower than 
sea water salt concentration (Krishnamurthy et al., 2014), which is in line 
with the previous studies (Scholander et al., 1966; Scholander et al., 
1962). It has been shown that the salt exclusion may be due to the 
deposition of apoplastic barriers, which limits the root-water movement, 
thereby restricting the movement of ions (Krishnamurthy et al., 2014). It is 
also proposed that it could be the same reason (formation of apoplastic 
barriers) why plants, which have undergone salt-induction treatment (prior 
exposure to salt) showed less uptake of ions compared to control plants 
that had never been exposed to salt (Figure 3.5C). It should also be noted 
that as the salt concentration in the xylem sap increased (Figure 3.5B) the 
amount of secretion also increased (Figure 3.6B). It could be obvious that 
the salt glands could work efficiently to expel the excess salt from the 
plant, but the association of increased salinity to increased secretion has 
to be studied further. 
Na+ and Cl− were found in higher amounts in roots compared with leaves 
and stems upon salt treatment in A. officinalis (Krishnamurthy et al., 2014). 
Roots tend to retain moderately constant levels of Na+ and Cl-, probably by 
exporting to the shoot or to soil (Tester and Davenport, 2003). Through 
transpiration stream, Na+ is transported to shoots via xylem but Na+ can 
reach to roots via phloem only. There are less reports of extensive 
recirculation of shoot Na+ to roots, signifying that the Na+ transport could 
be highly unidirectional. As a result of this, progressive accumulation of 





concentration in shoots, leaves are more susceptible to Na+ than roots. 
This suggests that Na+ was either retained in the roots or was efficiently 
removed from the leaves by secretion in A. officinalis, thereby maintaining 
low levels of salt in the whole plant (Krishnamurthy et al., 2014).  
Role of salinity stress in the regulation of plant hormone levels in the two-
month-old seedlings of A. officinalis was studied. It showed that level of 
stress hormones like ABA and JA respond to salt significantly. Plant 
hormones function as a primary link that re-program the complex 
developmental and stress adaptive signalling events. The phytohormone 
abscisic acid (ABA) functions as a main regulator in the initiation of plant 
cellular adaptation to drought and salinity and is known to be a growth 
inhibitor (Cramer and Quarrie, 2002). JA affects senescence, leaf 
abscission and is synthesized in response to biotic and abiotic challenges 
(Parida and Jha, 2010). GA not only plays essential role in promoting 
growth and elongation of cells, it also crosstalk’s with ABA signalling and 
has a key regulatory function in cellular network of stress and 
developmental signalling (Golldack et al., 2014). 
By knowing the complexity of hormone function, it is essential to form a 
basis to understand the plant-hormone response to stress conditions. We 
estimated the amount of hormones from several tissues in both field-
grown trees and two-month-old seedlings. Tissues from field-grown trees 
were found to contain ABA, JA and GA4 as the abundant plant hormones 
(Figure 3.7). Of all the GAs, GA4 is one of the active members (Kende and 
Zeevaart, 1997) that was also identified in A. officinalis from our study. 





significant variation in the roots of A. officinalis. Although GA’s are majorly 
known to be involved in growth and development, GA4 levels were 
significantly different at certain time points (Figure 3.9D) upon salt stress 
in the mangrove A. officinalis. It has been shown that endogenous ABA 
and JA accumulates in roots of rice plants when subjected to salt stress 
(Moons et al., 1997). Our results in A. officinalis support the existing data. 
Stress responsive hormones like ABA and JA also showed significant 
difference in their levels during salt stress.  These hormones are mainly 
known to be involved in plant defence and stress response (Kaya et al., 
2009), it was of interest to check the levels of these hormones in the plant. 
It appears that pathways related to ABA, JA and GA4 signalling may be 
active in the mangrove Avicennia officinalis. With this study we can assess 
the role played by hormones in regulating the plant response to the 
treatment, which in turn may provide information on salt tolerance 
mechanism in A. officinalis. ABA being a strong plant growth regulator is 
also responsible for stomatal closure during water scarcity (Davies et al., 
1980). This closure of stomata is largely driven by cation and anion 
effluxes (Willmer and Fricker, 1996). From this, we can know that ABA has 
a direct role in movement of ions (De Silva et al., 1985; McAinsh, 1990). 
There could a similar process of ion movement occurring in salt glands as 
well. But further investigation is needed to confirm this speculation. 
Overall, we have made an attempt to study the mangrove leaf structure, 
salt gland structure and salt gland density in the field-grown trees. We 
have studied the salt filtration and salt secretion in two-month-old 





dependent on the amount of salt present in the external medium. We have 
quantified several plant hormones from different tissue of both field-grown 
and two-month-old seedling of A. officinalis. With these physiological 
studies we have contributed for the better understanding of A. officinalis 
adaptation to salt tolerance. 

















Chapter 4 : Subtractive Hybridization study 
 
In this Chapter, the identification and characterization of genes that are 
differentially expressed in salt gland-rich tissue has been reported. A 
specific approach that helped us identify differentially expressed genes 
particularly in salt gland cells has been taken. A detailed explanation of the 
motive of choosing to work with salt glands and the method that has been 
used is explained. Characterization a gene that responds to drought and 
salt treatments has been performed. The background, results and 
discussion related to this study are reviewed below. 
4.1 Background 
 
As indicated previously, Avicennia officinalis is an obligate halophyte that 
has evolved both morphologically and physiologically to thrive in saline 
conditions (Tomlinson, 1986). Multicellular salt glands are found on A. 
officinalis leaves that help to secrete excess salt, which is one of the key 
adaptations leading to salt tolerance of these plants (Balsamo and 
Thomson, 1993; Boon and Allaway, 1986; Cardale and Field, 1971; 
Shimony et al., 1973; Thomson et al., 1988; Tomlinson, 1986). Some 
studies have shown that salt secretion is an energy dependant process 
(Thomson et al., 1988), while others have indicated that it can occur 
through exocytosis (Campbell and Thomson, 1976; Kathiresan and 
Bingham, 2001). Although a large number of studies have been conducted 
on the structure of salt glands (Boon and Allaway, 1986; Chen et al., 2010; 





al., 2013), only a few were regarding their function (Ding et al., 2010).  
Therefore, studies such as identification of genes that are specifically 
expressed in salt glands will contribute significantly towards resolving 
mangrove salt gland function. 
Over the last decade many techniques have been developed to identify 
genes that are specifically or preferentially expressed in the tissue of 
interest (Liang and Pardee, 1992; Metzker, 2010; Schneeberger and 
Weigel, 2011; Vuylsteke et al., 2007; Zhang et al., 2006). Subtractive 
hybridization (SH) is one such tool (Lukyanov et al., 2007), which has 
been widely used in various organisms including plants (Diatchenko et al., 
1996; Xie et al., 2012; Zhang et al., 2006).  Despite several transcriptomic 
studies carried out to identify genes responsible for salt tolerance in other 
mangroves such as Bruguiera and Aegiceras (Chen et al., 2011; Huang et 
al., 2012; Yamanaka et al., 2009), the molecular mechanisms regulating 
salt secretion have not been established so far. The mangrove salt glands 
occur primarily on the leaf epidermis. Hence, the use of isolated epidermal 
peels that are salt gland-rich will increase the probability of identifying 
genes expressed preferentially in the glands (Tan et al., 2010). Therefore, 
SH technique could be exploited to identify genes that are expressed in 
salt gland-rich tissues of the mangrove A. officinalis. 
In addition to salt secretion, production of osmolytes (Cushman, 2001; Ma, 
2006; Tuteja, 2007) or specialized proteins such as Late Embryogenesis 
Abundant (LEA) proteins has been shown to protect macromolecules in 
the cells under stress (Hanin et al., 2011; Xiong and Zhu, 2002). A special 





primarily to play important roles in alleviating salt and other abiotic 
stresses through their protective action by binding to macromolecules 
(Campbell and Close, 1997; Close et al., 1989; Cuming, 1999; Flowers 
and Colmer, 2008; Hanin et al., 2011; Rorat, 2006). Dehydrins are 
intrinsically unstructured proteins that contain three conserved motifs: Y, S 
and K and are divided into five subgroups (Battaglia et al., 2008). Each 
subgroup has been identified to play a role in response to a specific abiotic 
stress condition (Campbell and Close, 1997). Mangroves such as 
Avicennia marina have been shown to contain dehydrins (Mehta et al., 
2009). Nevertheless, the role of dehydrins in mangrove salt glands has not 
been adequately understood yet. Although, dehydrins have been identified 
from mangroves such as Avicennia marina, their occurrence in salt glands 
and role in salt secretion have not been well explored. 
In this part of our study, differentially expressed genes were identified in 
salt gland-rich tissues of Avicennia officinalis using SH technique. A 
predicted functional gene interaction map of A. officinalis salt glands was 
generated using the identified ESTs. Additionally, quantitative RT-PCR 
validation of several ESTs that are preferentially expressed in the salt 
glands compared to mesophyll tissue has also been carried out. 
Characterization of a Dehydrin gene (AoDHN1) identified from the SH 
analysis has been reported. Its expression pattern and response to salinity 
and drought stress treatments were studied in A. officinalis. Data 
suggesting the abiotic stress-mitigating function of AoDHN1 has been 





drought stresses. Taken together, our data suggest that AoDHN1 plays an 
important role in salt and drought stress remediation in A. officinalis. 
4.2 Results 
 
Classification of differentially expressed ESTs and expression 
analysis of selected ESTs  
From the subtracted cDNA library, 900 ESTs were identified. Most of the 
ESTs identified could not be annotated based on function, hence they 
were classified as unknown and were omitted from further analysis. 
Among the annotated ESTs, 62 showed high e-values and upon removing 
the duplicates, 34 unique ESTs were obtained. These were then grouped 
under several categories based on predicted functions (Table 4.1). 
Table 4.1: Avicennia officinalis ESTs identified from salt gland-rich tissue after 
subtractive hybridization.  
 
Functional annotation was done after comparing the sequences with various plant gene 
databases. Clone ID with classification (column 1) and the putative function (column 2) 
based on comparison with reference organisms are shown. Occurrence frequency (Of), 
which is the number of times a specific EST was identified in the SH is given in column 
3. The reference organism to which the EST was compared with and its accession number 
is given in columns 4 and Avicennia officinalis EST GenBank accession numbers are 
given in column 5. The e-values of sequence comparison of the A. officinalis ESTs with 
the reference sequences are given in column 6.  
 
Avicennia clone ID 
and Classification 
Putative Function  Of Reference Organism 










1 Glycine max 
GLYMA10G29580.1 
JZ721695 9.00E-71 




1 Arabidopsis thaliana 
AT5G49760.1 
JZ721696 4.00E-80 











720115                       
Signal transduction 
Casein kinase II, alpha 
chain, putative 
1 Oryza sativa 
LOC_Os07g02350.1 
JZ721679 4.00E-100 
720108                            
Signal Transduction 
Xylem cysteine peptidase 
2 
1 Arabidopsis thaliana 
AT1G20850.1 
JZ721680 1.00E-26 
708681                         
Signal transduction 
Serine/arginine-rich 
protein splicing factor 34b 






































Protein translation factor 
SUI1 homolog 




































Thioredoxin H 7 Avicennia marina 
BM497420.1 
JZ721687 8.00E-143 




1 Arabidopsis thaliana 
AT2G02760.1 
JZ721684 4.00E-52 
719444                        
Stress response 
26S protease regulatory 
subunit 4 homolog 
1 Oryza sativa 
LOC_Os07g49150.1 
JZ721685 2.00E-119 
719392                         
Stress response 
Dehydrin 9 Avicennia marina 
BM172730.1 
JZ721686 9.00E-42 
703860                     
Stress response 
Peroxidase 1 Avicennia marina 
BM173160.1 
JZ721712 1.00E-175 
724765                    
Stress response 







704843                
Transcription factor 
NAC domain containing 
protein 32 
4 Arabidopsis thaliana 
AT1G77450.1 
JZ721689 1.00E-24 
709313               
Transcription factor 
Transcription factor R2R3 
factor gene family 
3 Arabidopsis thaliana 
AT3G12720.1 
JZ721690 2.00E-13 
719394             
Transcription factor 
Auxin signaling F-box 2 1 Arabidopsis thaliana 
AT3G26810.1 
JZ721706 7.00E-45 
720062             
Transcription factor 
Salt-inducible zinc finger 
2 
1 Arabidopsis thaliana 
AT2G40140.1 
JZ721691 9.00E-41 




1 Oryza sativa 
LOC_Os01g59350.1 
JZ721707 2.00E-22 










ABC transporter family 
4 Arabidopsis thaliana 
AT1G51460.1 
JZ721692 5.00E-23 
720073      
Transporter/Ion 
Vacuolar ATP synthase 
subunit D 
1 Arabidopsis thaliana 
AT3G58730.1 
JZ721693 2.00E-108 
709299   
Transporter/Ion 
Plasma membrane H+ 
ATPase 









The major classes of genes obtained from SH corresponded to 
metabolism (37%), stress response (17%), signal transduction (17%), 
transcription factor (17%) and transporters (12%) (Figure 4.1A). Genes 
involved in lipid, amino acid and carbohydrate metabolic pathways were 
identified. Among the stress responsive classes of genes, those involved 
in protein recycling, namely, ubiquitin conjugating enzyme and 26S 
proteasome regulatory subunit were abundant (Table 1). The transporter 
genes identified included Aquaporins, ATP-Binding Cassette (ABC) 
transporter family, Vacuolar ATP synthase subunit and Plasma membrane 
H+-ATPase. Several kinase genes, including Casein Kinase, 
Serine/Threonine Kinases along with GTPase were identified in the signal 





R2R3, F-box 2, Salt-inducible Zinc Finger are some of the transcription 
factor genes that were identified in transcription factor class. 
Tissue-specificity of expression of the 34 selected ESTs was verified by 
qRT-PCR (Figure 4.1B and Figure 4.2). ABC transporter and Ribosomal 
protein S6 showed more than 10-fold abundance in salt gland-rich tissue 
compared to mesophyll tissue. A Dehydrin gene identified from SH 
(AoDHN1) showed more than 6-fold increase (Figure 4.1B). Of these, 
Dehydrin is a gene with a possible function relevant for abiotic stress 
tolerance. Hence, it was a preferred gene for further studies. The 
remaining ESTs, namely, Leucine-Rich Repeat Receptor, 3-Ketoacyl-CoA 
Synthase, 1-Amino-Cyclopropane-1-Carboxylate Oxidase (ACC Oxidase) 
and Aquaporin showed ~5-fold higher expression in the salt gland-rich 
tissue. R2R3 transcription factor, Thioredoxin H and ATP Citrate Lyase 
showed about 3- to 4-fold higher expression in the salt gland-rich tissue. 
Expression analyses of other ESTs, which showed no significant 






Figure 4.1: Classification of differentially expressed ESTs and expression analysis of 
selected ESTs  
 
A) Distribution of ESTs obtained from subtractive hybridization of salt gland rich-tissue 
and mesophyll tissue from A. officinalis leaves. B) Expression profile of selected EST’s 
enriched in salt glands by qRT-PCR analysis of transcripts from mesophyll tissue vs. salt 
gland rich-tissue. White-brown-complex ABC transporter family (ABC), Ribosomal 
protein S6 (RP), Dehydrin (DHN), Leucine-rich repeat protein kinase (LR), 3-ketoacyl-
CoA synthase (KCS), 1-aminocyclopropane-1-carboxylate oxidase (ACO), Aquaporin 
(AQP), Transcription factor R2R3 (R2R3), Thioredoxin H (TR), ATP Citrate Lyase (ACL) 
RQ-Relative quantification data represent means ± SE from three independent 
experiments, each with three biological replicates. Asterisks indicate a significant 






























Figure 4.2: Expression analysis of ESTs with less than twofold difference in 
expression or with higher expression in the mesophyll tissue.  
 
A) qRT-PCR analysis of ESTs that showed less than twofold difference in expression in 
salt gland-rich tissue compared to mesophyll tissue. NAC domain containing protein 32 
(NAC), Ubiquitin conjugating enzyme 2 (UC2), Serine/Threonine-protein kinase (ST), 
Casein kinase (CK2), Xylem Cysteine Peptidase 2 (XCP2), Transcription factor HBP1b 
(HBP), Trypsin family protein (T), Phospholipase D (PD), Serine/Arginine-rich protein 
spicing factor 34b (SA), Syringolide-induced protein 19-1-5 (SIP), Trehalose 6-phosphate 







B) qRT-PCR analysis of ESTs that showed less expression in salt gland-rich tissue than 
in mesophyll tissue. Mitochondrial Rho GTPase (MR), Plasma membrane H+ ATPase 
(HATPase), Salt-inducible Zinc Finger 2 (ZF2), Vacular ATP synthase subunit D 
(VATD), Auxin signalling F-box 2 (AF2), Peroxidase (PS), Glutamate synthase (GS), 
Protein translation factor SUI1 homolog (PTF), 26S protein regulatory subunit 4 
homolog (PRS), Disease resistance (DR), AP2 domain containing transcription factor 
(AP2), Cytochrome –C Oxidase (CCO), Arginine decarboxylase (AD). RQ-Relative 
quantification data represent means ± SE from three independent experiments, each with 
three biological replicates. A given biological replicate consists of tissues pooled from 
three different field-grown trees. 
 
Functional gene-network analysis of the ESTs identified from 
Subtractive Hybridization 
An interactive REVIGO (REduce VIsualize Gene Ontology) graph that 
indicates the functional network of the identified ESTs was generated 
(Fran Supek, 2011). The overview of this graph shows a functional gene 
network in salt gland-rich tissue generated against Arabidopsis cDNA 
library. At the center of the network, a tight cluster of interaction between 
hydrolase, ATPase and transmembrane transport activity is depicted 
(Figure 4.3A). Transmembrane transport activity seemed to be coupled 
with ATPase and hydrolase activities. Ligase activity is seen further down 
the gene network, especially the activity of ubiquitin-protein ligase. 
Although extensive transmembrane transport and hydrolase activities 
seem to be occurring in a narrow-range, transferase activity, nucleic acid 
binding and sequence-specific DNA binding transcription factor activities 
were also observed. 
Similarly, the interactive graph developed by comparison with poplar 
cDNA database also highlights ATPase, hydrolase and transmembrane 





was observed but with lower intensity. In parallel, tiny clusters of nucleic 







Figure 4.3: Functional gene-network analysis of the ESTs identified from 
Subtractive Hybridization.  
Interactive graph was generated using web-tool REVIGO (http://revigo.irb.hr/) as on 9th 
December 2013. The bubble color indicates the p-value as generated by Singular 
Enrichment Analysis of the Gene Ontology (GO) terms obtained from the web-tool 
agriGO (http://bioinfo.cau.edu.cn/agriGO/analysis.php). The gene IDs that resulted by 
comparing the ESTs against A) Arabidopsis and B) Poplar cDNA libraries were used to 
generate the GO terms. Bubble size indicates the frequency of the GO term. Highly 
similar GO terms are linked by edges in the graph, where the line width indicates the 
degree of similarity. 
 
Magnesium ions, alkali metal ion, potassium ion, cation binding activities 
were major ion binding clusters. However, sequence-specific DNA binding, 
nucleotide-, nucleoside- and ATP-binding were included in the nucleic acid 
binding clusters. An additional small binding cluster of phosphotransferase 
that are involved in kinase activity was also observed. 
 
cDNA and genomic DNA sequences of AoDHN1 
Subtractive hybridization of A. officinalis led to the identification of an EST 
(AoDHN1) that showed homology to Avicennia marina Dehydrin1 
(AmDHN1). The coding sequence of AoDHN1 is 573bp and the 
corresponding genomic sequence is 679bp, because of the presence of 
an intron (106bp) (Figure 4.4A). The cDNA sequence stretch coding for a 
single uninterrupted polypeptide of 190 amino acids was identified by in 
silico translation of the sequence corresponding to AoDHN1, with a 
deduced molecular mass of 19.82kDa. A nuclear localization sequence 
(NLS) RRKK has been identified towards the C-terminus of AoDHN1 





the location of the intron has been identified in the genomic DNA 
sequence (Figure 4.4C). The predicted two-dimensional structure of the  
 
Figure 4.4: cDNA and genomic DNA sequences of AoDHN1.  
A) cDNA of 573bp corresponding to Open Reading Frame (ORF) of AoDHN1 obtained 
from Rapid Amplification of cDNA Ends (RACE) PCR. Y, S and two of K segments are 
depicted on the ORF. B) Genomic fragment of AoDHN1 with intron of 107bp. C) 
Nucleotide sequence of AoDHN1 and its corresponding translated protein sequence. 
Arrowhead indicates intron location and underline indicates Nuclear Localization Signal 
(NLS) sequence. D) Predicted three dimensional structure of AoDHN1 obtained using 
iTASSER server (http://zhanglab.ccmb.med.umich.edu/I-TASSER/) showing two alpha 






dehydrin proteins using PSIPRED revealed a major unstructured region 
and two possible α-helices (Figure 4.5). Additionally, the three-dimensional 
structure of AoDHN1 generated using iTASSER confirmed the presence of 







Figure 4.5: Secondary structure of AoDHN1, AoDHN2 and AmDHN1.  
Secondary structure of the dehydrins was predicted using PSIPRED 
(http://bioinf.cs.ucl.ac.uk/psipred/). All the three dehydrins A) AoDHN1 B) AmDHN1 C) 
AoDHN2 predominantly showed intrinsically unstructured portion in the protein except 
two α-helices at the two K segments towards the C-terminus. 
 
Classification of AoDHN1 as a Group II LEA protein 
Sequence alignment with group II LEA proteins of other plant species 
showed that AoDHN1 belongs to YSK2 sub-class of dehydrins (Figure 
4.6A). The amino acids from 12 to 18 (TDEYGNP) correspond to the Y 
segment, while amino acids from 107 to 124 correspond to the S segment, 
and there are two K segments stretching from amino acids 129 to 141 and 
173 to 187. Because this dehydrin possesses one Y, one S and two K 
segments, it is named as the YSK2 sub-group (Figure 4.6A and 4.6B). 
Only the domain-specific regions (YSK2) show consensus between 
AoDHN1 and other dehydrins (group II LEA proteins). AoDHN1 shows a 
high similarity index of 84% with AmDHN1 and both the dehydrins were 







Figure 4.6: Classification of AoDHN1 into Group II LEA protein based on sequence 
alignment and phylogenetic analysis. 
A) Alignment of AoDHN1 and AoDHN2 protein sequences with dehydrins from other 
plant species. The shaded region shows the conserved motif YSK2 
(http://www.ch.embnet.org/software/BOX_form.html). B) Conserved sequence motifs 





acid pattern that occurs repeatedly in YSK2 family dehydrins are represented in position-
dependent manner. C) The phylogenetic relationship of AoDHN1 with group II LEA 
proteins of different species is represented in rooted dendrogram. It was constructed using 
Phylogeny.fr web-tool (www.phylogeny.fr) by the approximate likelihood method based 
on a complete protein sequence alignment of different dehydrins and the approximate 
likelihood-ratio test. The branch support values are shown at the nodes as percentage 
values and scale bar indicates the branch lengths. The gi numbers for the sequences are: 
|gb|KM652423| AoDHN1 [Avicennia officinalis]; gi|157497151|gb|ABV58322.1| 
dehydrin [Avicennia marina]; gi|349844874|gb|AEQ19906.1| dehydrin 4 [Vitis 
yeshanensis]; gi|225428392|ref|XP_002283605.1| PREDICTED: late embryogenesis 
abundant protein-like [Vitis vinifera]; gi|353685443|gb|AER13140.1| DHN2 [Corylus 
mandshurica]; gi|307776652|gb|ADN93460.1| dehydrin 2 [Corylus heterophylla]; 
gi|314998614|gb|ADT65201.1| dehydrin [Jatropha curcas]; 
gi|449457626|ref|XP_004146549.1| PREDICTED: dehydrin Rab18-like [Cucumis 
sativus]; gi|442022395|gb|AGC51773.1| dehydrin protein [Manihot esculenta]; 
gi|34539778|gb|AAQ74768.1| dehydrin [Brassica napus]; 
gi|657980608|ref|XP_008382297.1| PREDICTED: late embryogenesis abundant protein 
[Malus domestica]; gi|57506540|dbj|BAD86644.1| dehydrin protein [Daucus carota]; 
gi|15239373|ref|NP_201441.1| dehydrin Rab18 [Arabidopsis thaliana]; 
gi|472278804|gb|AGI37442.1| dehydrin 1 [Rhododendron catawbiense]; 
gi|18076154|emb|CAC80717.1| putative dehydrin [Tithonia rotundifolia]; 
gi|595807384|ref|XP_007202596.1| hypothetical protein PRUPE_ppa011637mg [Prunus 
persica]; gi|297794373|ref|XP_002865071.1| hypothetical protein 
ARALYDRAFT_496967 [Arabidopsis lyrata subsp. lyrata]; 
gi|19032422|gb|AAL83427.1|AF345989_1 48 kDa dehydrin-like protein [Cornus 
sericea]; gi|657948498|ref|XP_008338082.1| PREDICTED: dehydrin Xero 1-like [Malus 
domestica]; gi|129562715|gb|ABO31098.1| late embryogenesis abundant protein 
[Lindernia brevidens]; gi|46020012|dbj|BAD13498.1| dehydrin [Nicotiana tabacum]; 
gi|460373256|ref|XP_004232437.1| PREDICTED: desiccation-related protein clone 
PCC6-19-like isoform 2 [Solanum lycopersicum]  
 
AoDHN1 copy number in the genome 
A full length gene probe showed two copies of Dehydrin in a genomic 
Southern blot analysis (Figure 4.7A). On examining the sequence 
similarity with Dehydrin sequences obtained in our lab from A. officinalis 
transcriptome analysis (Chapter 6), it was found that another Dehydrin 
(AoDHN2) sequence shared high similarity with AoDHN1 (Figure 4.7B). 






Genomic Southern blot 
 
Figure 4.7: AoDHN1 copy number in the genome.  
A) Genomic Southern blot showing two copies of AoDHN1 in Avicennia officinalis. B) 
Alignment of AoDHN1 and AoDHN2 (dehydrin obtained from transcriptome 
sequencing) using ClustalW2 multiple alignment 
(http://www.ebi.ac.uk/Tools/msa/clustalw2/) and represented using the web-tool 
BoxShade Server (http://www.ch.embnet.org/software/BOX_form.html).  
 
Characterization of AoDHN1 
Tissues collected from two-month-old seedlings that were not exposed to 
salt were used for tissue-specific expression analysis. The highest 





(root apical, root mid and root basal) and stems (Figure 4.8A). In situ 
hybridization studies from leaves of two-month-old A. officinalis seedlings 
confirmed abundant expression of AoDHN1 in salt glands (Figure inset of 
4.8A). Expression kinetics of AoDHN1 was tested in both roots and leaves 
of A. officinalis seedlings upon salt treatment (Figure 4.8B and 4.8C). A 
10-fold increase in expression levels of AoDHN1 in the roots was seen 
after 8h while a 2-fold increase was seen in the leaves after 48h of salt 
treatment. 
 
Figure 4.8: Expression profile of AoDHN1.  
A) Tissue-specific expression of AoDHN1 transcripts from two-month-old greenhouse-
grown plants. (Inset to A) In situ hybridization of leaf tissue, showing high abundance of 
AoDHN1expression in the salt glands (n=3). Arrow indicates the salt gland, and 
mesophyll cells are labeled as Meso. B) Expression kinetics of AoDHN1 upon salt stress 
in roots. C) Expression kinetics of AoDHN1 upon salt stress in leaves. D) Expression 
analysis of AoDHN1 in the A. officinalis leaf-discs upon treatment with salt (NaCl), 
drought and ABA. Values superscripted with different alphabet show significant 
difference compared to others as indicated by Tukey’s test (p<0.05). RQ-Relative 





independent experiments, each with three biological replicates. A given biological 
replicate consists of tissues pooled from three different seedlings. 
 
Leaf discs from two-month-old seedlings (previously not exposed to salt) 
were chosen to study the regulation of AoDHN1 by abiotic stresses 
(Figure 4.8D). Drought treatment for 1h and 2h showed a 2- and 6-fold 
increase respectively, in the expression of AoDHN1. However, abscisic 
acid (ABA) and salt treatments did not affect the expression of AoDHN1 
up to 2h. 
Transient expression of 35S::AoDHN1-GFP construct transfected into 
Arabidopsis mesophyll protoplasts showed the localization of AoDHN1-
GFP fusion protein in the cytosol as well as the nucleus (Figure 4.9).  
 
Figure 4.9: Sub-cellular localization of GFP fused AoDHN1 in Arabidopsis 
mesophyll protoplasts.  
A) Localization of AoDHN1-GFP in the cytoplasm and nucleus B) Position of the 
nucleus is indicated by yellow fluorescence from YFP fused with nuclear localization 
signal of SV40 (NLSSV40-YFP) C) Auto fluorescence of chloroplasts (in purple) D) 
Merged image of A) B) C) and D) overlaid on transmitted light image of the protoplast. 





Yellow fluorescence from YFP fused with the nuclear localization signal of 
SV40 was used to detect the nucleus. 
Functional assay of AoDHN1 in E. coli cells 
Salinity (NaCl) and drought (mannitol and polyethylene glycol 4000 - PEG) 
stress response of AoDHN1 in E. coli bacteria was tested. The E. coli 
(BL21 cells) transfected with pGEX-6p-1-AoDHN1 and empty vector 
separately, were subjected to 400mM NaCl, 500mM mannitol and 10% 
PEG treatment. A control study was done without any treatment to check 
the difference in growth between E. coli cells transfected with pGEX-6p-1-
AoDHN1 and empty vector. OD600 of the bacterial culture was taken at 2h 
time intervals after induction of AoDHN1 expression by IPTG-treatment. 
The E. coli cells expressing AoDHN1 showed better growth (as 
represented by higher cell density) compared to the control after 6h 
(Figure 4.10A) even in the absence of any treatment. With NaCl treatment, 
the cell densities started to show significant differences from 8h onwards 
(Figure 4.10B). Upon mannitol treatment, E. coli cells expressing AoDHN1 
showed significantly higher growth between 8h and 10h (Figure 4.10C). 
On the other hand, with PEG treatment, the difference in growth was 
apparent from 6h and lasted up to 9h (Figure 4.10D). Therefore, the 
protective function of AoDHN1 protein was demonstrated by the growth 

















































































































Figure 4.10: Comparison of growth of E. coli cells expressing AoDHN1 under salt 
and drought stress conditions.  
Salt stress was simulated by 400mM NaCl, and drought conditions were provided by 
500mM mannitol and 10% polyethylene glycol (PEG). E. coli BL21 cells expressing 
AoDHN1 showed significant differences in cell densities compared to control cells, 
which do not express AoDHN1 over specified periods of time. A) without any treatment 
B) with 400mM NaCl treatment C) with 500mM mannitol treatment and D) with 10% 
PEG 4000 treatment. Data represent means ± SE from three biological replicates. Values 
superscripted with different alphabet show significant difference compared to others as 
indicated by Tukey’s test (p<0.05). OD – Optical Density  
 
4.3 Discussion  
 
Salt secretion is a dynamic and energy dependent process as shown in 
Avicennia species (Kylin and Gee, 1970; Tan et al., 2013). Identification of 
genes that are expressed in salt glands will help in understanding the 
secretion process. While many genes related to salt tolerance have been 
identified using SH and transcriptome analysis from the leaves of other 
mangrove species (Chen et al., 2011; Dassanayake et al., 2010; Fu et al., 





al., 2009), there have been no attempts to specifically identify the genes 
that are expressed in salt glands. 
A meaningful  way of analysing SH data obtained from our experiment 
was to create a network using REVIGO, of the ESTs of A. officinalis 
against Arabidopsis and poplar cDNA libraries, which would give an 
overview of functional gene interaction in salt gland-rich tissue (Fran 
Supek, 2011). This collection of ESTs from salt gland-rich tissue depicts 
potential interaction between gene products either with each other or with 
other molecules in the cell, thereby suggesting the global functional 
network. The interactive Gene Ontology (GO) map of the ESTs with both 
Arabidopsis and poplar cDNA libraries suggests that activities of 
hydrolase, transmembrane transport, nucleotide binding and kinase 
functions are common in the selected tissue (Figure 4.3A and 4.3B). 
Transmembrane transport includes channels, pumps and transporters, 
which are important in maintaining ion homeostasis and contribute to salt 
tolerance. Ion transporters like H+-ATPases, V-ATPases and SOS1(Salt 
Overly Sensitive1) are known to bring about ionic balance in the cell 
(Tuteja, 2007), while transporters like aquaporins stabilize water 
movement and contribute to osmotic regulation (Tan et al., 2013). Kinases 
identified from our study belong to Receptor-Like Kinases (RLKs), which 
regulate several plant processes such as growth, development and 
homeostatic mechanisms intrinsic to abiotic stress response (Osakabe et 
al., 2013). This visual outline aids in understanding the possible functional 





Identification of genes that are highly expressed in salt gland-rich 
tissue 
Aquaporins and ABC transporters were the major transporters identified in 
our study. ABC transporters are known to transport fatty acids that are 
required for proper cuticle development in leaves (Ukitsu et al., 2007). The 
cuticle plays an important role in maintaining the structural integrity of salt 
glands. Under saline conditions, it becomes important for the salt glands to 
form a thick cuticular layer to prevent water loss and also diffusion of ions 
into neighbouring cells (Shimony et al., 1973). As a result, the observed 
high level of expression of ABC transporters, which are involved in 
formation of cuticle, in the salt gland-rich tissues could signify that in 
Avicennia salt gland cells may form thicker cuticle layer during salt stress. 
Aquaporins are known to regulate water movement across the 
membranes. During drought and salt exposure, aquaporins are known to 
maintain water balance in the cells (Lian et al., 2004) and have been 
shown to play a crucial role in salt secretion of A. officinalis (Tan et al., 
2013). Although aquaporins have been identified from the leaves of other 
salt secretors (Dyson and Wright, 2005), its precise function in regulating 
water movement during secretion is not clear. Another major class of 
ESTs identified was related to metabolic processes. Physiological 
response of the plant is known to be altered due to metabolic changes 
under salt stress. Abiotic stresses usually cause energy deprivation, 
therefore plants tend to regulate metabolic genes by suppressing genes 
encoding biosynthetic enzymes of amino acids to conserve energy, and 





(Baena-González and Sheen, 2008). Cysteine peptidase identified from 
our SH study is known to play a role in plant stress response by 
participating catabolic process (Grudkowska and Zagdańska, 2004). 
Ethylene plays an important role during salt stress (Li et al., 2013) and 
ethylene biosynthesis is regulated by the levels of ACC oxidase activity 
(Yang et al., 2009), which is reported to have a positive effect on salinity 
tolerance (Lockhart, 2013). The roles played by these genes in salt 
secretion and tolerance are still not clear, but the complexity of the 
underlying metabolic processes is highlighted. Our observations provide 
further evidence to the view that a combined action of different metabolic 
pathways and active expression of various transporters would have to take 
place in order to maintain cellular homeostasis under stress. 
Among the class of stress-related proteins, a dehydrin was identified. 
Dehydrins are hydrophilic and highly flexible proteins (Intrinsically 
Unstructured Proteins, IUPs) that protect cytosolic and membrane proteins 
by wrapping around them (Dyson and Wright, 2005) (‘molecular-huggers’). 
They seem to function similar to chaperones by stabilizing the protein 
folding, but dehydrins are much smaller in size and are less complex 
compared to chaperones. Because they belong to IUPs, it has been quite 
challenging to determine their precise function through structural studies. 
However, due to their involvement in protection of proteins against 
physiological drought, dehydrin was chosen for further examination in our 
study.  
Dehydrins have been  identified in a wide variety of organisms such as 





in response to desiccation (Hundertmark and Hincha, 2008), and are well-
studied in plants for their key role in response to abiotic stress. Like group 
I LEA proteins, several studies of specific group II LEA proteins have 
confirmed that they accumulate during seed desiccation and in response 
to water deficit induced by drought, low temperature, or salinity (Ismail et 
al., 1999; Nylander et al., 2001). 
A characteristic feature of group II LEA proteins is the presence of 
conserved domains such as Y, S and K. The K-segment consists of Lys-
rich 15-residue motif, EKKGIMDKIKEKLPG (Close et al., 1989), the Y-
segment consensus sequence is [V/T]D[E/Q]YGNP (Campbell and Close, 
1997; Close, 1996) and serine rich S-segment contains LHRSGS4–
10(E/D)3, which in some proteins can be phosphorylated (Goday et al., 
1994). The ORF encoded by AoDHN1 has a single ‘Y’ segment, 
characterized by the presence of amino acids ‘DEYGNP’ followed by a 
serine-rich tract and two lysine-rich ‘K’ segments (Figure 4.6), and hence it 
belongs to the YSK2 class of dehydrins (Allagulova et al., 2003). This is 
the most abundant class of dehydrins and is known to be induced by ABA 
and drought, but not cold temperatures (Allagulova et al., 2003). AmDHN1 
is the only other mangrove dehydrin studied that belongs to YSK2 class of 
proteins (Mehta et al., 2009) while a K-type dehydrin has been identified in 
Rhizophora mucronata (Ismail et al., 2010). However, our study is the first 







Expression and regulation of AoDHN1 
Dehydrins are present in most of the vegetative tissues under optimal 
growth conditions (Rorat, 2006). Dehydrins from Arabidopsis, 
Craterostigma and Citrus have been shown to prevent inactivation of 
enzymes induced by partial dehydration in vitro (Battaglia et al., 2008; 
Reyes et al., 2005). Although some of the previous reports showed that 
dehydrins are expressed in all parts of the plants, the present study 
provides evidence for the preferential expression of AoDHN1 in A. 
officinalis salt glands (Figure 4.1B, 4.8A and inset of 4.8A). Studies from 
several plant species indicated that different types of group II LEA proteins 
are present in various tissue types (Karlson et al., 2003; Nylander et al., 
2001), which explains the preferential expression of AoDHN1 observed in 
our study. Moreover, the unstructured nature of dehydrins was suggested 
to allow them to maintain enough water molecules in the cellular 
microenvironment and thus stabilize the macromolecules during water 
scarcity (Battaglia et al., 2008). Since salt glands are the main site of 
secretion, there will be high concentration of ions in the cells, and hence it 
is conceivable that the macromolecules within those cells might require 
the protective action provided by dehydrins. It is therefore not a 
coincidence to find high level of AoDHN1 expression in the salt glands as 
observed in our study. Further studies are needed to understand the exact 
mechanism by which this protective function is conferred within the salt 
gland cells. 
Dehydrins are known to accumulate in every tissue upon water deficit 





group II LEA gene from rice (Oryza sativa) was found to be specifically 
ABA-responsive and not directly responsive to salt stress (Mundy and 
Chua, 1988). While in sunflower, elevated dehydrin transcript levels 
appeared independent of ABA content in late embryogenesis (Karlson et 
al., 2003) and paf93, which belongs to dehydrin family from barely did not 
respond to exogenous ABA treatments (Mundy and Chua, 1988). Hence, 
AoDHN1 specificity in response to salinity, drought and ABA in A. 
officinalis leaf discs subjected to these stresses was examined. The 
observed activation of AoDHN1 in response to drought (Figure 4.8D) and 
salt (Figure 4.8B and 4.8C), but not ABA treatment (Figure 4.8D) suggests 
AoDHN1 responds to the abiotic stresses independently of ABA. These 
observations are in agreement with some of the earlier reports (Giordani et 
al., 1999; Stanca et al., 1996). 
A majority of group II LEA proteins accumulate in the cytoplasm while 
some of them have been shown to localize in the nucleus as well (Houde 
et al., 1995). Our data showed that GFP-fused AoDHN1 was transiently 
expressed in Arabidopsis mesophyll protoplasts, the protein was present 
in both the cytosol and nucleus, which is similar to the observation with 
AmDHN1 from A. marina (Mehta et al., 2009) and Rab17/DHN1 from 
maize (Goday et al., 1994). This suggests that AoDHN1 may function as 
non-specific protectant by binding to proteins in the cells under stress. 
The protective role of AoDHN1 in E. coli cells expressing the protein and 
subjected to salinity and drought stress conditions was demonstrated. The 
significant increase in cell density at 6h without any treatment compared to 





advantage provided by the protein. Thus, our data suggest that AoDHN1 

























Chapter 5 : Transcriptome study 
 
In the subtractive hybridization study (Chapter 4) one of the shortcomings 
was the limitation in sequence annotation that could be done because of 
the short readable sequences obtained. To overcome this problem, Next 
Generation Sequencing (NGS) approach was adopted. A transcriptome 
analysis was performed to study the global changes in gene expression in 
response to salt treatment in the salt gland-rich tissues. This Next 
Generation Sequencing (NGS) approach along with bioinformatics 
provides a platform to analyze global changes of gene expression. In this 
Chapter, we report the results of such a study on differentially regulated 
genes upon salt stress from the salt gland-rich tissues. 
5.1 Background 
 
Microarray technology enabled analysis of expression of not only one 
gene but of all genes at the same time. However, NGS technologies 
opened up new ways to pursue research. In several plants, NGS was 
used to analyse gene expression, DNA methylation and histone 
modifications on a genome scale. For plants that lack a complete genome 
sequenced, NGS provides a platform to build a custom resource of plants 
and opportunity to use any plant as a ‘model system’ with sequencing 
resources (Bräutigam and Gowik, 2010). The decrease in costs and the 
increased advances in the computational tools have helped NGS to 
become one of the most sought techniques for studying genome-wide 





Global analysis of mRNA abundance via transcriptomics is one of the 
approaches to finding genes that are important to organisms undergoing 
environmental stress. On the other hand, some studies suggest that 
mRNA abundance provide little information on protein activity, which 
cannot be substituted for detailed functional analyses of candidate genes. 
This implies that the transcriptional profile can be an exquisitely sensitive 
indicator of stress (Feder and Walser, 2005). Although, identification of 
potential novel genes is one of the major strengths of this technology, it 
also has limitations. A change in expression does not necessarily reflect a 
causal relationship to any stress condition. A downside of transcriptome 
sequencing is that the quality control, pre-processing and analysis 
procedures for the obtained data are not yet fully developed. The 
assembly or mapping against the reference transcriptome requires 
substantial computing power, which makes this technology still less 
accessible (Wertheim, 2012). The ever improving high-throughput 
sequencing technology aims to increase the capability of massive data 
output thus, giving flexibility to design studies that best suit the needs of 
specific research. 
Most of the NGS platforms used for non-model plants like mangroves are 
mainly to identify microsatellite markers. Perhaps, the use of microsatellite 
markers are confined to quantitative trait loci (QTL) mapping, parentage 
analysis, genetic diversity and evolutionary studies (Cavagnaro et al., 
2010; Zhu et al., 2012). Apart from microsatellite marker prediction, 
transcriptome profiling of the mangrove plant Bruguiera gymnorhiza 





using Agrobacterium functional screening (Yamanaka et al., 2009). In the 
mangroves Rhizophora mangle and Heritiera littoralis mRNA from a 
variety of developmental stages, tissues types, and habitats were used for 
GSFLX pyrosequencing. Significant similarities in the mangrove 
transcriptome profiles were observed, which differed from the model plants 
Arabidopsis and Populus (Dassanayake et al., 2009). Transcriptional and 
physiological study of Bruguiera gymnorhiza in response to salt and 
osmotic stress has demonstrated a basic difference between the response 
to salt and osmotic stress (Miyama and Tada, 2008). Overall, very few 
genetic studies have been done on mangroves or to understand its salt 
tolerance property in detail. 
Despite the fact that mangrove plants are one of the highly evolved salt 
tolerant species among plant kingdom, very few studies have been 
focussed on identification of new salt tolerant genes; genes that are 
involved in salt secretion or promoters those are salt sensitive, which may 
trigger synthesis of stress-related genes during salinity stress. Studies 
related to identification of differentially regulated genes in salt gland-rich 
tissues are scarce. Such studies lead to a better understanding of early 
responsive genes to salt stress, which prepare cells for survival during 
salinity. Our study focuses on the identification of differentially expressed 
genes upon short period of salt stress in salt gland-rich tissues. By using 
transcriptome technique we could acquire large amount of sequence 
information of A. officinalis, which could be further used to study salt 







Workflow, pipeline and identification of differentially expressed 
genes from transcriptome  
Transcriptome analysis was carried out with the help of BGI, a service 
provider. Total RNA was separately isolated from both control and treated 
(50mM NaCl for 30min) samples of salt gland-rich tissues were used for 
transcriptome analysis. RNA samples submitted to NGS undergo a 
specific protocol before the RNA was sequenced. Firstly, RNA enrichment 
was carried out using oligodT and then the mRNA was fragmented. Using 
random hexamers cDNA was synthesized and size selected after PCR 
amplification, followed by sequencing step (Figure 5.1A). Later on, 
numerous sequences were obtained and assembled to contigs. These 
contigs were put together to get Unigenes and finally long sequence 








Figure 5.1: Schematic representation of NGS work flow 
A) Flow chart depicting the RNA sample processing steps to reach the final sequencing 
step. B) Representation of the pipeline starting from reads followed by assembly to a 
contig and then to unigene. 
 
Differentially expressed genes, expression levels and species 
distribution 
From the transcriptome study, a total of 646 up-regulated and 1132 down-





of treated (a measure of mRNA abundance) were not significantly different 
from treated samples (Figure 5.2B). The red-stretch in the graph shows 
the number of genes that were up-regulated in the test sample. The green-
stretch, which is smaller than the red, shows the down-regulated set of 
genes. The blue-stretch, which is the largest area, shows the un-regulated 
set of genes from the test sample.  
The major classes of up-regulated genes that were identified from 
transcriptome analysis corresponded to unknown (52%), metabolism 
(18%), transcription-related (11%), signal transduction (6%), stress 
responsive (5%), membrane trafficking (4%) and transporters (4%) (Figure 
6.2C). Down-regulated genes also showed similar pattern of distribution 
i.e., unknown (52%), metabolism (18%), transcription-related (10%), stress 
responsive (8%), signal transduction (5%), membrane trafficking (4%) and 
transporters (3%) (Figure 5.2D). Apart from the fact that the numbers of 
genes identified in both up- and down-regulated groups are different, both 
gene pools consisted similar distribution of different gene classes. 
Because A. officinalis does not possess a reference genome of its own, 
the obtained sequences from transcriptome were annotated using the 
available plant genome databases. It was observed that large number of 
genes showed similarity to the genome of Vitis vinefera (43.6%) among 
the available plant genome databases (Figure 5.2E). With Ricinus 
communis A. officinalis RNA sequences showed 13.5% homology 
whereas, with Populus trichocarpa it was 11.5%, with Glycine max it was 
7.9%, with Medicago truncatula, Arabidopsis and Solanum lycopersicum it 
































































Figure 5.2: Overview of results obtained from transcriptomic study 
A) Number of genes that are differentially expressed in transcriptomic study. The number 
of up-regulated genes is represented in red and the green bar represents number of genes 
that are down-regulated. B) Expression levels of genes that are up-, down- and non-
differentially regulated. C) and D) show classification of up- and down- regulated genes 
into several categories based on GO analysis. E) Similarity of Avicennia officinalis cDNA 
sequences when compared to other known plant genome databases. 
 
Expression analysis of the selected differentially expressed genes 
Differentially regulated genes were experimentally verified by qRT-PCR 





chosen for the analysis. From the transcription-related category, Unigenes 
142143 and 142488 showed ~fivefold decrease and Unigenes 142599, 
1411891 and 141723 showed ~twofold decrease in the expression upon 
salt treatment. From the unknown category, Unigene 63015 showed 
~threefold increase and Unigene 143178 showed ~fivefold decrease while 
Unigenes 97729, 13106, 13682 showed ~twofold decrease in the 
expression levels. Unigene 141844 that corresponds to beta glucosidase 
showed twofold decrease. Expression levels of remaining genes showed 



















































































































































































































































































Figure 5.3: Experimental verification of differentially expressed genes identified 
from the transcriptome study using qRT-PCR analysis.  
White and black bars show the expression level of the genes in control and treated salt 
gland-rich tissues respectively. Data represent means ± SE from three biological 
replicates. Unigene142143 (40S ribosomal protein S2-2), Unigene142085 (40S ribosomal 
protein S2-2), Unigene142084 (40S ribosomal protein S2-3), Unigene140694 (40S 
ribosomal protein S6-1), Unigene141875 (40S ribosomal protein S8-1), Unigene143170 
(40S ribosomal protein Sa-1), Unigene143170 (40S ribosomal protein Sa-1), 
Unigene141190 (60S acidic ribosomal protein P0-2), Unigene140609 (60S ribosomal 
protein L13-1), Unigene142599 (60S ribosomal protein L21-1), Unigene141723 (60S 
ribosomal protein L27-2), Unigene143743 (60S ribosomal protein L30-2), 















L6-1), Unigene143800 (Ribosomal protein L23a), Unigene145203 (Ribosomal protein 
L9), Unigene142488 (Elongation factor 1-delta 1), Unigene144364 
(Adenosylhomocysteinase), Unigene141844 (Beta-glucosidase), Unigene13106 (Cell 
wall-associated hydrolase), Unigene145201 (Fructose-bisphosphate aldolase), 
Unigene6443 (Glycosyltransferase), Unigene144252 (Heat shock 70kDa protein 1/8), 
Unigene142484 (Heat shock protein 81-2), Unigene141130 (Methionine synthase), 
Unigene30293 (Protein XAP5), Unigene141262 (S-adenosyl-L-homocysteine hydrolase 
1), Unigene143178  (Unknown), Unigene9729 (Unknown), Unigene13106 (Unknown), 
Unigene13682 (Unknown), Unigene143783 (Unknown), Unigene158306 (Unknown), 
Unigene161604 (Unknown), Unigene35578 (Unknown), Unigene85404 (Unknown), 
Unigene144204 (Unknown), Unigene63015 (Unknown). Asterisks indicate a significant 
difference in expression level compared to control as indicated by Student’s t-test 
(p<0.05) 
 
Functional gene-network analysis of the genes obtained from 
transcriptome analysis 
An interactive REVIGO (REduce VIsualize Gene Ontology) graph was 
generated that shows the functional network of the transcriptome identified 
genes (Fran Supek, 2011). Three graphs were generated to show an 
overview of the differences between functional gene networks in control 
and treated (up- and down-regulated gene networks) salt gland-rich tissue 
generated against Arabidopsis cDNA library.  
The interactive graph generated against the control tissue showed a broad 
network of several tight clusters of closely interacting genes. A tight cluster 
of interaction between transport-related proteins (transport activities like 
calcium ion transport, sugar transport, protein transport, water transport, 
solute:cation symport activities) were observed (Figure 5.4). Towards the 
bottom of the graph a variety of hydrolases (galactosidase, peptidase, 
thiolester hydrolase, lipase, exoribonuclease and protease activities), 





transaminase, acetyltransferase, methyltransferase, 
nucleotidyltransferase, protein tyrosine kinase, serine-threonine kinase 
activities) and oxidoreductase activities were found to be the major groups 
interacting in the network. A number of nucleotide (purine, purine 
ribonucleotide and guanyl nucleotide binding activities) and ion binding 
clusters (calcium, magnesium, zinc, copper and iron ion binding activities) 













Figure 5.4: Functional gene-network analysis of the genes identified from 
transcriptomic study (control).  
Interactive graph was generated using web-tool REVIGO (http://revigo.irb.hr/) as on 18th 





Enrichment Analysis of the Gene Ontology (GO) terms obtained from the web-tool 
agriGO (http://bioinfo.cau.edu.cn/agriGO/analysis.php). The gene IDs from the control 
set that were obtained by comparing the genes against Arabidopsis cDNA libraries were 
used to generate the GO terms. Bubble size indicates the frequency of the GO term. 
Highly similar GO terms are linked by edges in the graph, where the line width indicates 
the degree of similarity. 
 
The interactive graph generated for the test tissue (up-regulation) showed 
both tiny compact and large interacting clusters (Figure 5.5). Major 
interactions were observed among the development-related (root system, 
shoot system, meristem, flower, ectoderm and gametophyte), response to 
small molecules (inorganic chemicals, metal ions, biotic stimulus, cold, 
wounding, stress, defense, hormone and external stimuli), transcription 
and translation-related (gene expression, RNA processing, RNA and DNA 
metabolism), transport (monovalent inorganic cation transport and 
potassium ion transport) and cell regulation-related clusters (protein 
folding, protein modification, proteolysis, protein metabolism, 
macromolecule metabolism, negative regulation of macromolecule 

















Figure 5.5: Functional gene-network analysis of the genes identified from 
transcriptomic study (differentially up-regulated genes). 
Interactive graph was generated using web-tool REVIGO (http://revigo.irb.hr/) as on 18th 
December 2014. The bubble color indicates the p-value as generated by Singular 
Enrichment Analysis of the Gene Ontology (GO) terms obtained from the web-tool 
agriGO (http://bioinfo.cau.edu.cn/agriGO/analysis.php). The gene IDs from the test set 
(up-regulated) that resulted by comparing the genes against Arabidopsis cDNA libraries 
were used to generate the GO terms. Bubble size indicates the frequency of the GO term. 
Highly similar GO terms are linked by edges in the graph, where the line width indicates 
the degree of similarity. 
 
The interactive graph generated for the test tissue (down-regulation) 














Figure 5.6: Functional gene-network analysis of the genes identified from 
transcriptomic study (differentially down-regulated genes). 
Functional gene-network analysis of the genes identified from transcriptomics. Interactive 
graph was generated using web-tool REVIGO (http://revigo.irb.hr/) as on 18th December 
2014. The bubble color indicates the p-value as generated by Singular Enrichment 
Analysis of the Gene Ontology (GO) terms obtained from the web-tool agriGO 
(http://bioinfo.cau.edu.cn/agriGO/analysis.php). The gene IDs from the test set (down-
regulated) that resulted by comparing the genes against Arabidopsis cDNA libraries were 
used to generate the GO terms. Bubble size indicates the frequency of the GO term. 
Highly similar GO terms are linked by edges in the graph, where the line width indicates 
the degree of similarity. 
 
Although tight clusters were not observed, gene regulation-related 
(regulation of biological and cellular processes), development (related to 
shoot system and reproduction), response-related (response to light, 
abiotic stimulus, chemical and endogenous stimulus), transcription and 
translation-related (RNA processing, gene expression, RNA and DNA 





macromolecule biosynthesis) and metabolism-related (protein metabolism, 




Genetic studies are key indicators to analyze complex cellular processes. 
Transcriptome being one such technique is extremely powerful in 
identifying novel genes and pathways that may be involved or associated 
with a particular stress condition. To identify the global expression 
changes upon salt stress in salt gland-rich tissues, transcriptome analysis 
was carried out.  
From REVIGO of up and down-regulated genes of the transcriptome, it is 
evident that a number of genes were interacting in both up and down-
regulated gene networks. Dense interactions among the clusters in up-
regulated genes compared to down-regulated genes were observed. 
Interestingly, a small network of transport-related genes was identified in 
up-regulated but not in down-regulated genes. This indicates that the 
synthesis of transporter proteins may increase to maintain cellular 
homeostasis (Zhu, 2003) either by compartmentalizing the excess ions in 
the cell or by secreting the ions out of the cell into the interstitial spaces of 
the neighbouring cells. However, there were several groups of genes, 
which did not show interaction with adjacent groups. These set of genes 
were observed in both control and test networks. This interactive network 





products either with each other or with other molecules in the cell, thereby 
suggesting the global functional network (Fran Supek, 2011). 
One of the major limitations with this transcriptome study of A. officinalis is 
the identification of a more than half of unknown genes that show 
significant differential expression (Figure 5.3). Annotation of these 
unknown genes in A. officinalis may provide more details on the early salt 
responsive genes in salt gland-rich tissue. However, even after identifying 
several hundreds of potential genes that are differentially regulated, 
biochemical functions of those genes are necessary to confirm their role in 
salt tolerance of A. officinalis. 
Experimental verification using qRT-PCR analysis showed that the salt 
gland-rich tissues treated for 30min with 50mM NaCl solution show a small 
number of genes that are differentially expressed. In a study where 
Pokkali was subjected to salt stress, approximately 10% of the transcripts 
showed significant variation in expression levels after 1hr compared to 
15min of stress (Kawasaki et al., 2001). This indicates that the duration of 
salt treatment plays a key role in exhibiting a significant difference in gene 
expression profiles under salt stress. In addition, tissue sampling at 
several time periods after salt stress could also provide reliable data. 
Apart from many unknown genes that were differentially regulated in the 
transcriptome analysis, several transcription and translation-related genes 
were also regulated, which included 40S and 60S ribosomal proteins and 
elongation factor (Figure 5.3). It has been shown that Ribosomal-L30E 





tested in bacterial system (Joshi et al., 2009). In Arabidopsis, Ribosomal-
L11 was identified as one of the salt-responsive genes, (Omidbakhshfard 
et al., 2012). Such studies support the occurrence of ribosome-related 
genes among early salt-responsive genes. 
Generally, the change in transcript levels could be linked to the protein 
expression (Feng et al., 2009; Fu et al., 2009; Lee et al., 2009; Minic et al., 
2009). Nonetheless, several direct comparisons of proteomic and 
transcriptomic data showed very little correlation among the two. In a 
comparative study of protein and transcript abundance in NaCl-treated 
Arabidopsis roots, a correlation of as low as r2 =- 0.1 was observed (Jiang 
et al., 2007). Certainly, protein abundance is not perfectly correlated with 
gene activity; proteins are regulated post-translationally and function by 
specific localization and association with other molecules. The relevance 
of the question in transcriptomics is especially important in the context of 
stress physiology. It should be noted that only a small portion of the 
transcripts representing a specific subset of genes are actively translated 
(Branco‐Price et al., 2008; Kawaguchi et al., 2004). It is not possible to 
correlate the physiological terms with the whole set of microarray data 
(Kawasaki et al., 2001). 
As discussed earlier, several unannotated genes also showed 
considerable variation in their transcripts levels. This may be due to the de 
novo assembly of transcriptomes from short shotgun sequences, which 
raise challenges due to random and non-random sequencing biases and 
inherent transcript complexity. Transcriptome assembly can be achieved 





reference genome being used (Miller et al., 2010). This is a particular 
problem for newly sequenced plant systems because of mis-assemblies, 
poor annotation and large gaps in coverage (Salzberg and Yorke, 2005). It 
is unfortunate that mangrove genomes have not been sequenced so far, 
including Avicennia officinalis. There is also a challenge in assigning reads 
that align equally well to multiple places in the genome. These reads 
should either be excluded during alignment to avoid the gaps in sequence 
or retained, which might lead to wrong assignments or predictions of a 
transcript in a region where no transcription occurs. Thus, considering all 
the above mentioned criteria, advanced bioinformatic analyses may 
provide some insights into the genes that may interact closely during salt 
stress. 
It should be emphasized, that a difference in expression as such is not 
sufficient evidence to infer a direct involvement of the gene in a particular 
process or trait. This is a limitation of the technology and it perhaps, 
requires the advanced high-throughput experimental approaches to 
validate and functionally characterize a large number of genes that are of 
interest (Wertheim, 2012). Studies that include functional characterization 
could form strong evidence of the roles of early salt-responsive genes and 
may lead to a better understanding of the mechanism of salt tolerance in 
A. officinalis. 
Overall from our study, we have identified that transcription-related and 
several unknown genes were some of the early salt-responsive genes 
under salt stress in salt gland-rich tissue. Some transcription-related 





studies and characterized in other plant systems. Focussing on further 
investigation of some significantly differentially regulated ‘unknown genes’ 
may provide insights on pathways that may initiate salt stress response in 





























Chapter 6 : Aquaporin study 
 
In the previous Chapters, identification of differentially expressed genes 
abundant in the salt gland-rich tissue has been reported. In this Chapter, a 
small section of transcriptome analysis, which is related to identification of 
aquaporin subfamily genes will be discussed followed by characterization 
of three aquaporins from A. officinalis. The detailed results obatained from 
our transcritpomic study are presented and discussed in the next Chapter. 
6.1 Background 
 
Salt secretion in A. officinalis is a process that involves movement of water 
and ions from salt glands. Aquaporins located in the salt glands may be 
involved in such water movement (Osakabe et al., 2013). In general, it is 
known that mangroves deal quite well with water balance (Ball, 1988) 
compared to most other plants, yet aquaporins from mangroves are not 
well studied. Aquaporins in plants are exceptionally high in number and 
show significant diversity compared to other organisms. For example, 55 
aquaporins in Populus trichocarpa, 38 in Arabidopsis and 42 in Oryza 
sativa have been identified (Gupta et al., 2012). Interestingly, there are no 
reports of aquaporin subfamilies of mangroves.  
Higher plant aquaporins form four subfamilies: tonoplast intrinsic proteins 
(TIPs), plasma membrane intrinsic proteins (PIPs), Nodulin26-like intrinsic 
proteins (NIPs) and small basic intrinsic proteins (SIPs) (Johanson and 
Gustavsson, 2002). A fifth subfamily of aquaporins X (for unrecognized) 





(Gupta and Sankararamakrishnan, 2009) and some XIPs have shown to 
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Figure 6.1: Schematic representation of secondary structure of an aquaporin 
Two-dimensional representation of general aquaporin structure consisting of six 
transmembrane helices (I-VI), five loops, conserved motifs and key residues. Redrawn 
from (Froger et al., 1998). 
 
In general, aquaporin structure consists of six transmembrane α-helices 
arranged in a right-handed bundle, with the amino and the carboxyl termini 
located on the cytoplasmic surface of the membrane (Gonen and Walz, 
2006). The amino and carboxyl halves of the aquaporin sequence show 
similarity to each other. Therefore some researchers propose that there 
could have been a duplication of the half sized gene during evolution (Pao 
et al., 1991). There are five inter-helical loop regions (A – E) that form the 
extracellular and cytoplasmic entrance. Loops B and E are hydrophobic in 
nature that contain the partially conserved Asn-Pro-Ala (NPA) motif, which 
extend up to the middle of the membrane-lipid bilayer, forming a 3-D 
'hourglass' structure where the water molecules are transported. This 





peptide, the NPA motif and a second and usually narrower constriction 
known as 'selectivity filter' or ar/R selectivity filter. Based on this ar/R 
selectivity and NPA regions, classification of the aquaporins into several 
subfamilies have been done. A brief description of different subfamily 
members of aquaporins are explained further. 
 
1. PIPs  
The plasma membrane intrinsic proteins constitute one of the largest plant 
aquaporin subfamilies with 15 members in Populus, 13 in Arabidopsis and 
13 in rice (Bansal and Sankararamakrishnan, 2007). As the name 
indicates, the majority of PIPs are localized on the plasma membrane. 
Phylogenetically, PIPs can be divided into two subgroups or clusters, 
namely, PIP1 and PIP2 (Zardoya, 2005). PIP1 isoforms of Arabidopsis 
show 90% amino acid sequence identity to PIP2 (Johanson et al., 2001). 
Although, their permeability and cellular functions are divergent, the amino 
acid residues at the selectivity filter in PIP1 and PIP2 are similar (Wallace 
and Roberts, 2004). When PIP1 isoforms were expressed heterologously 
in Xenopus laevis oocytes, they showed no or very low aquaporin activity 
(Fetter et al., 2004; Temmei et al., 2005), but they showed permeability for 
small solutes like glycerol or gases such as CO2 (Biela et al., 1999; 
Uehlein et al., 2003). Therefore, PIP1 aquaporins could be functioning as 
transporters for small solutes and/or gases, and might function as water 
channels upon activation in the plant. Some aquaporins of the PIP2 
subfamily are known to be more efficient water channels compared to 





Heterologous expression of PIP2 aquaporins in Xenopus oocytes or 
membrane vesicles, showed 5- to 20-fold increase in water permeability 
compared to the control (Daniels et al., 1994; Weig et al., 1997). Most of 
the PIP2 aquaporins possess a shorter amino-terminal extension, a longer 
carboxy-terminal end and an additional stretch of 4–10 amino acids 
located in the first extra-cytosolic loop. PIP2 proteins could be involved in 
cellular water transport in roots, leaves (Lopez et al., 2003; Martre et al., 
2002), reproductive organs (Bots et al., 2005a; Bots et al., 2005b; 
Schuurmans et al., 2003) and during seed germination (Schuurmans et al., 
2003). However, SoPIP2 identified from Spinacia oleracea showed low 
water permeability unlike other PIP2 aquaporins. Structural and functional 
characterization of SoPIP2;1 has been carried out (Tornroth-Horsefield et 
al., 2006). Phosphorylation of the serines (S115 and S274) present in C-
terminal region is believed to increase water transport activity of SoPIP2;1 
by opening the channel (Nyblom et al., 2009). Overall, PIP1 and PIP2 
isoforms were found to be localized in nearly all parts of the plants. 
Aquaporins can provide an excellent control of the hydraulic conductivity 
through discrete regulatory mechanisms in the symplastic pathway. They 
can also control water movement in response to biotic and abiotic 
challenges. 
2. TIPs  
TIPs were identified in vacuolar membranes showing aquaporin function in 
plants from Arabidopsis (Johnson et al., 1990; Maurel et al., 1993). Similar 
to PIPs, TIPs are also found in high numbers in plants. There are 16 TIPs 





respectively. TIPs show high permeability to water and the osmotic water 
permeability measurements in isolated vacuoles or tonoplast vesicles and 
purified plasma membranes exhibited a comparable 100-fold higher 
permeability of the tonoplast (Maurel et al., 1997; Morillon and Lassalles, 
1999; Niemietz and Tyerman, 1997). The plant vacuole functions in turgor 
regulation and as well as a cellular storage compartment are important. 
The flux of water and small solutes across the vacuolar membrane 
(tonoplast) suggests that aquaporins are higly actively participating in such 
processes. Furthermore, TIP expression is also correlated with water and 
salinity stress in Arabidopsis (Boursiac et al., 2005). Hence, TIPs are 
known to regulate water flow in response to osmotic challenges like 
drought or salinity in the plant cells. Expression of NtTIPa in Xenopus 
oocytes has shown permeability to water, urea and glycerol (Gerbeau et 
al., 1999). Thus, in addition to their role as water channels, some TIPs may 
play a role in equilibrating urea concentrations between the vacuole and 
the cytoplasm (Jahn et al., 2004; Loqué et al., 2005). Taken together, 
involvement of TIPs in osmoregulation through the tonoplast is evident. 
3. NIPs  
Nod26-like intrinsic proteins (NIPs) belong to the aquaporin superfamily 
and are plant-specific. Soybean Nodulin 26 (Nod26) was described as a 
major integral protein, constituting approximately 10% of total membrane 
protein (Fortin et al., 1985; Weaver et al., 1991). Nod26 was grouped into 
the major intrinsic protein (MIP) cluster and consequently, all proteins 
related to nodulin26-like intrinsic proteins were named accordingly. Nod26 





symbiotic nitrogen-fixing bacteria in nodules of soybean roots (Fortin et al., 
1987; Heymann and Engel, 2000). NIP proteins share the general 
multifunctional transport properties of water and uncharged solutes like 
glycerol. Compared to most water-selective aquaporins NIPs have 
relatively lower rate of water transport and the physiological function of 
NIPs found in non-leguminous plants will most likely be different from 
Nod26 (Kaldenhoff and Fischer, 2006). While most plant TIPs and PIPs 
belong to the aquaporin group of MIP, NIPs exhibit amino acid signatures 
of both the subgroups PIPs and TIPs. NIP gene transcripts were found in 
seed coats, shoots and roots, while Nod26 is only expressed in nodules 
(Schuurmans et al., 2003; Weig and Jakob, 2000).  
Heterologous expression of Nod26 in Xenopus oocytes showed a mercury-
sensitive osmotic water permeability and conductance to glycerol (Rivers 
et al., 1997). In addition to water and small solutes, Nod26 is also known to 
permeate gaseous NH3 (Niemietz and Tyerman, 2000). Furthermore, a few 
NIPs of non-legumes were characterized and were found to be expressed 
in vegetative and reproductive tissues, suggesting a bigger role of NIPs in 
plant water relations rather than just the symbiotic function of Nod26 
(Johanson et al., 2001; Weig et al., 1997). 
4. SIPs  
The small basic intrinsic protein (SIP) subfamily is a minor MIP cluster in 
plants and was identified by database mining and phylogenetic analysis 
(Johanson and Gustavsson, 2002). SIPs are highly basic in nature and 
possess a very short cytosolic N-terminal region compared to the MIPs. 





Green Fluorescent Protein (GFP) fusions of Arabidopsis SIPs when 
expressed in suspension cultured cells showed fluorescent signal on the 
ER, but were scarcely found in plasma- or vacuolar-membranes (Ishikawa 
et al., 2005). The very first approach to analyze the SIP physiological 
function and substrate-specificity was by heterologous expression in yeast 
and vesicle permeability studies, which showed only a slow water influx 
into membrane vesicles. Detailed structural analyses revealed that SIPs 
are distinct from other MIP subfamily members at many significant 
positions, which could probably affect the properties of the channel such 
as the width of the pore and the hydrophilic-hydrophobic nature of the 
channel. This indicated a different substrate-specificity for SIPs comapared 
to other MIP subfamily members (Johanson and Gustavsson, 2002; 
Wallace and Roberts, 2004). 
Aquaporins play crucial roles in water transport as well as in regulating 
water content during normal and stress conditions. Mangrove plants 
constantly experience stress due to their habitat, where salinity of the 
water varies frequently. Often, mangrove plants that grow towards the 
seaward region are submerged due to high tides. Such drastic conditions 
necessitate mangrove plants to regulate both internal (uptake) and 
external (transpiration and secretion) water movement. 
The expression patterns of various aquaporins, which are abundant in 
roots (epidermal, exodermal and endodermal cells), phloem-associated 
cells and xylem parenchymal cells, suggest that they facilitate membrane 
permeability to water where there are anatomical constraints to water 





Yamada et al., 1995). However, the functional significance of water 
channels in maintaining water balance under osmotic stress remains 
unclear. Under drought or salt stress conditions, transcripts of some 
aquaporins are not differentially regulated whereas others are down-
regulated (Kirch et al., 2000; Yamada et al., 1995). Differential distribution, 
turnover and trafficking of aquaporins within endo-membrane systems are 
likely to modulate water flux during osmotic stress (Kirch et al., 2000). 
As discussed earlier, there are a number of aquaporins with diverse 
functions in higher plants. They transport a variety of small molecules such 
as glycerol, ammonia, CO2 and charged ions (Hachez and Chaumont, 
2010; Liu et al., 2005; Uehlein et al., 2008). Therefore, in mangroves, 
aquaporins might be involved in ion transport function as well and 
identification of such aquaporins will be of high importance to understand 
the mechanism of salt tolerance. The efficacy and transport properties of 
root aquaporins, which are involved in uptake of water directly from sea 
water, may differ from those present in leaves because leaves experience 
much lower salinity. A recent study in the salt secretor mangrove, A. 
officinalis, demonstrated involvement of aquaporins in secretion (Osakabe 
et al., 2013). Salt gland-rich tissue when treated with mercuric chloride 
solution (aquaporin inhibitor), showed a significant reduction in secretion. 
Such studies support the involvement of aquaporins in salt gland secretion 
and form the basis for further investigation of their functions. 
In this study, aquaporins from Avicennia officinalis leaf tissues were 
identified. A. officinalis aquaporins were classified into subfamilies based 





expressions of these genes were tested in the salt gland-rich tissues 
(against mesophyll tissue of the leaves) and the effect of short-term salt 
treatment on expression level changes was examined. Additionally, three 
aquaporins (AoPIP1.1, AoPIP1.2 and AoPIP2.2) were cloned and 
characterized to understand their expression patterns and response to 
salinity and drought stress treatments. Functional assay of these 
aquaporins in X. laevis oocytes showed that AoPIP1.1 and AoPIP1.2 
transport water, while AoPIP2.2 does not. Aquaporins AoPIP1.1, AoPIP1.2 
and AoPIP2.2 were ectopically expressed in Arabidopsis to check whether 
the plants expressing these aquaporins respond differently to salt stress.  
6.2 Results 
 
Classification of aquaporins identified from transcriptomics and 
expression analysis  
Aquaporins were identified from salt gland-rich tissues of Avicennia 
officinalis using transcriptomics approach. Several of the identified 
sequences were either truncated or repetitive, which could not be further 
classified, hence they were not considered for analysis. Eleven unique 
aquaporin sequences (that had complete or nearly complete ORFs) were 
obtained and were further analyzed. These unique sequences were 
grouped into various subclasses based on existing plant aquaporin 
sequences (Table 6.1). 
Table 6.1: List of Avicennia officinalis aquaporins identified from 
transtriptome study 
Aquaporins were classified into subfamilies using the key residues based on the existing 
aquaporin sequences from the gene database 
(http://bioinfo.iitk.ac.in/MIPModDB/statistics.php). Sequence ID  is provided in column 





shown in columns 3-8. The subfamily based on these key residues is given in the last 
column. H2 and H5 refer to helices 2 and 5. LE1 and LE2 refer to different key residues 
from loop E of the aquaporins. 
 
Sl. 
no. Sequence ID 
1st 





1 Unigene104758_All_6 NPA F H T NPA R PIP 
2 Unigene90081_All_3 (AoPIP2.2) NPA F H T NPA R PIP 
3 Unigene104747_All_4 NPA F H T NPA R PIP 
4 Unigene61936_All_6 (AoPIP1.1) NPA F H T NPA R PIP 
5 Unigene9305_All_4 NPA F H T NPA R PIP 
6 Unigene72173_All_4 NPA H I G NPA R TIP 
7 Unigene110199_All_6 NPA H I G NPA R TIP 
8 Unigene125972_All_3 NPA H I A NPA V TIP 
9 Unigene112699_All_3 NPA W V A NPA R NIP 
10 Unigene8184_All_6 NPS A I A NPV R NIP 
11 Unigene19991_All_1 NPL S H G NPS S SIP 
 
Four different classes of aquaporins, namely, PIP, TIP, NIP and SIP were 
found based on sequence similarity, key residues and conserved motifs 
present in different regions of the protein (Figure 6.1). Aquaporin structure 
consists of six transmembrane helices and five connecting loops. Specific 
residues from helix 2, helix 5, loop E1, loop E2 form the key residues 
(Gupta et al., 2012). Key residues FHTR are specific to PIPs, HIGR/HIAV 
to TIPs, WIVR/AIAR to NIPs and SHGS to SIPs. PIPs and TIPs contain 
two conserved NPA motifs. In the aquaporin sequences, loop B and loop E 
consist of NP(A) motifs, which forms the basis of aquaporin identification 
and classification. The NIPs consist of NPA, NPS and NPV motifs, while 
SIPs have NPL and NPS motifs. Based on these parameters 5 PIPs, 3 
TIPs, 2 NIPs and 1 SIP were identified in this study. Most of these 
aquaporins were identified from salt gland-rich tissues and one of the 






Phylogenetic analysis of A. officinalis aquaporins identified (with 
reference to rice and Arabidopsis aquaporins) 
A. officinalis aquaporins could be clearly categorised into SIP, NIP, TIP 
and PIP subfamilies based on the derived phylogenetic tree (Figure 6.2A 
and B). As shown in Table 5.1 and Figure 6.2, Unigene19991_All_1 
belongs to SIP subfamily. A. officinalis SIP belongs to SIP2 cluster. 
Similarly, Unigene8184_All_6 and Unigene112699_All_3 associate with 
NIPs. Unigene72173_All_4, Unigene1100199_All_6 and 
Unigene125972_All_6 belong to TIP subfamily. Likewise, 
Unigene104758_All_6, Unigene104747_All_4, Unigene9305_All_4 and 
Unigene61936_All_6 could belong to PIP1 cluster whereas 
















Figure 6.2: The phylogenetic relationship of A. officinalis aquaporins identified from 
the transcriptome study with reference to A) rice and B) Arabidopsis aquaporins.  
A) The rooted dendrogram was constructed using Phylogeny.fr web-tool 
(http://phylogeny.lirmm.fr/phylo_cgi/simple_phylogeny.cgi) by the approximate 
likelihood method based on a complete protein sequence alignment of aquaporins 










the sequences are: gi|50251783|dbj|BAD27715.1|, gi|56201699|dbj|BAD73177.1|, 
gi|55168274|gb|AAV44140.1|, gi|53792652|dbj|BAD53665.1|, gi|46390645|dbj|BAD16128.1|, 
gi|51535553|dbj|BAD37471.1|, gi|10140664|gb|AAG13499.1|, gi|37806241|dbj|BAC99758.1|, 
gi|28971941|dbj|BAC65382.1|, gi|37573041|dbj|BAC98553.1|, gi|14587262|dbj|BAB61180.1|, 
gi|50251371|dbj|BAD28398.1|, gi|38345838|emb|CAE01842.2|, gi|48716307|dbj|BAD22920.1|, 
gi|2570509|gb|AAB82140.1|, gi|1667594|gb|AAB18817.1|, |22831004|dbj|BAC15868.1|, 
gi|48717046|dbj|BAD23735.1|, gi|21741852|emb|CAD41442.1|, gi|22831256|dbj|BAC16113.1|, 
gi|22831259|dbj|BAC16116.1|, gi|38347569|emb|CAE05002.2|, gi|52076068|dbj|BAD46581.1|, 
gi|31193906|gb|AAP44741.1|, gi|13122433|dbj|BAB32914.1|, gi|15451613|gb|AAK98737.1|, 
gi|49387590|dbj|BAD25765.1|, gi|54291202|dbj|BAD61899.1|, gi|38605857|emb|CAD41593.3|, 
gi|10140710|gb|AAG13544.1|, gi|38344451|emb|CAE05657.2|, gi|46485863|gb|AAS98488.1|, 
gi|7340921|dbj|BAA92993.1|, gi|7340919|dbj|BAA92991.1|, gi|38605853|emb|CAD41599.3|, 
gi|15290142|dbj|BAB63833.1|, 
 
B) The rooted dendrogram was constructed using Phylogeny.fr web-tool 
(http://phylogeny.lirmm.fr/phylo_cgi/simple_phylogeny.cgi) by the approximate 
likelihood method based on a complete protein sequence alignment of aquaporins 
from Arabidopsis thaliana MIP family. The scale bar indicates the branch lengths 
and the gi numbers for the sequences are: gi|7228236|emb|CAA16760.2|, 
gi|2832619|emb|CAA16748.1|, gi|3128232|gb|AAC26712.1|, gi|12321296|gb|AAG50717.1|, 
gi|10177171|dbj|BAB10360.1|, gi|10177172|dbj|BAB10361.1|, gi|4538967|emb|CAB39791.1|, 
gi|6503288|gb|AAF14664.1|, gi|6862914|gb|AAF30303.1|, gi|6850834|emb|CAB71073.1|, 
gi|3386599|gb|AAC28529.1|, gi|8920598|gb|AAF81320.1|, gi|6049867|gb|AAF02782.1|, 
gi|3451065|emb|CAA20461.1|, gi|6729493|emb|CAB67649.1|, gi|4371284|gb|AAD18142.1|, 
gi|4371283|gb|AAD18141.1|, gi|9759330|dbj|BAB09839.1|, gi|4678311|emb|CAB41102.1|, 
gi|3928103|gb|AAC79629.1|, gi|2924520|emb|CAA17774.1|, gi|3757514|gb|AAC64216.1|, 
gi|6721176|gb|AAF26804.1|, gi|9758911|dbj|BAB09487.1|, gi|6911865|emb|CAB72165.1|, 
gi|4883600|gb|AAD31569.1|, gi|9293929|dbj|BAB01832.1|, gi|3695375|gb|AAC62778.1|, 
gi|9279707|dbj|BAB01264.1|, gi|2245093|emb|CAB10515.1|, gi|9758773|dbj|BAB09071.1|, 
gi|12324323|gb|AAG52132.1|, gi|9665059|gb|AAF97261.1|, gi|3643602|gb|AAC42249.1|, 




Expression profile of selected aquaporins identified from 
transcriptome study  
In order to test the abundance of transcripts, expression analysis was 
carried out in the salt gland-rich tissues for selected aquaporins. 
Differential expression of these aquaporins between mesophyll and salt 
gland-rich tissues showed no significant difference in the expression levels 
(Figure 6.3A). Expression levels of these aquaporins in response to 30min 
salt treatment (50mM NaCl) was tested in salt gland-rich tissue. Compared 
to control, there was no significant difference in the expression levels of 







Figure 6.3: Expression pattern of A. officinalis aquaporins identified from 
transcriptome study 
Expression profile of selected aquaporins identified from transcriptome study by qRT-
PCR analysis of transcripts from A) mesophyll tissue and salt gland-rich tissues. RQ-
Relative quantification data represent means ± SE from three independent experiments, 
each with three biological replicates. A given biological replicate consists of tissues 
pooled from three different field-grown trees B) control and treated salt gland rich-tissue. 
RQ-Relative quantification data represent means ± SE from three independent 
experiments, each with three biological replicates. A given biological replicate consists of 
tissues pooled from three different seedlings. 
 
Besides the aquaporins identified from the transcriptome, three aquaporins 





RACE-PCR and subtractive hybridization. Characterization of those 
aquaporins were also carried out in detail. 
 
Cloning and characterization of aquaporin AoPIP1.1 
A short stretch of aquaporin AoPIP1.1 sequence was initially amplified 
using primers specific to Aegiceras corniculatum aquaporin (AcPIP1). 
Subsequently, full length coding sequence was obtained by RACE-PCR. 
The coding sequence of AoPIP1.1 has 861bp and the corresponding 
genomic sequence is 1291bp long (Figure 6.4A), with the presence of 3 
introns. The cDNA sequence stretch coding for a single uninterrupted 
polypeptide of 286 amino acids (Figure 6.4B) was identified by in silico 
translation of the sequence corresponding to AoPIP1.1, with a deduced 
molecular mass of 30.44kDa. The predicted three-dimensional structure 
using iTASSER revealed six transmembrane-helices. Additionally, two re-
entrant helices with two NPA regions are depicted in blue are known to be 







Figure 6.4: cDNA and genomic DNA sequences of AoPIP1.1 
A) Representation of genomic fragment of AoPIP1.1 consisting of 4 exons and 3 introns. 
B) Coding sequence aligned with amino acid sequence of AoPIP1.1 obtained from 
http://www.ncbi.nlm.nih.gov/gorf/gorf.html. C) Predicted three-dimensional structure of 
AoPIP1.1 obtained using iTASSER server (http://zhanglab.ccmb.med.umich.edu/I-
TASSER/) showing six transmembrane α-helices (in red) and two NPA motifs (in blue). 
 
To understand the pattern of gene evolution, phylogenetic analysis was 
done by comparing AoPIP1.1 with several other plant PIPs. AoPIP1.1 
showed nearest homology to Olea europaea PIP (Figure 6.5A). The 
protein sequence alignment of AoPIP1.1 with exsiting PIPs from the 
database showed that this aquaporin belongs to PIP1 cluster of PIP 
subfamily (Figure 6.5A and 6.5B).  
      1 atggagagcaaggaggaggatgtgcgagttggagccaacaagttt 
        M  E  S  K  E  E  D  V  R  V  G  A  N  K  F  
     46 ggggaaaggcagccgattgggaccgctgcgcagagccaagacaag 
        G  E  R  Q  P  I  G  T  A  A  Q  S  Q  D  K  
     91 gactacaaggagccaccgccggcgccgctgttcgagcccggagag 
        D  Y  K  E  P  P  P  A  P  L  F  E  P  G  E  
    136 gtgacttcttggtcgttttacagagccggaatagctgaattcatg 
        V  T  S  W  S  F  Y  R  A  G  I  A  E  F  M  
    181 gccactttccttttcttgtacgtgaccattttgaccgtcatgggg 
        A  T  F  L  F  L  Y  V  T  I  L  T  V  M  G  
    226 gtaagcaaggcgaacagcacgtgtgcgaccgttggaattcaaggc 
        V  S  K  A  N  S  T  C  A  T  V  G  I  Q  G  
    271 atagcttgggcttttggtggcatgatctttgctcttgtttactgc 
        I  A  W  A  F  G  G  M  I  F  A  L  V  Y  C  
    316 accgctgggatttcaggtgggcacatcaaccctgcggttaccttt 
        T  A  G  I  S  G  G  H  I  N  P  A  V  T  F  
    361 ggactgttcttggcaaggaaactgtccttgactcgggcgttgttc 
        G  L  F  L  A  R  K  L  S  L  T  R  A  L  F  
    406 tacatggtgatgcagtgcctgggggccatctgtggcgcgggtgtg 
        Y  M  V  M  Q  C  L  G  A  I  C  G  A  G  V  
    451 gtgaagggcttcggcaagaccctgtatatgaccaagggtggcggt 
        V  K  G  F  G  K  T  L  Y  M  T  K  G  G  G  
    496 gccaatgttgtgaaaagtggctacaccaagggcgatggccttggt 
        A  N  V  V  K  S  G  Y  T  K  G  D  G  L  G  
    541 gctgaaatcgtgggtacttttgtgcttgtttacacagtcttctct 
        A  E  I  V  G  T  F  V  L  V  Y  T  V  F  S  
    586 gccactgatgccaaacgcagcgctagagactctcatgttcctata 
        A  T  D  A  K  R  S  A  R  D  S  H  V  P  I  
    631 ctggcaccattgccgattgggtttgcagtgttcttggtgcacttg 
        L  A  P  L  P  I  G  F  A  V  F  L  V  H  L  
    676 gccaccatcccaattactggcactggtattaacccagcgaggagt 
        A  T  I  P  I  T  G  T  G  I  N  P  A  R  S  
    721 cttggagcagccatcatctacaacaagagccccgcttgggatgat 
        L  G  A  A  I  I  Y  N  K  S  P  A  W  D  D  
    766 cactggatattctgggttggaccattcattggggcagcactggca 
        H  W  I  F  W  V  G  P  F  I  G  A  A  L  A  
    811 gctctgtaccaccaagtggtgatcagggccattccattcaagtcc 
        A  L  Y  H  Q  V  V  I  R  A  I  P  F  K  S  
    856 aagtga 861     
        K  *  
     











Figure 6.5: Phylogenetic analysis and sequence alignment of AoPIP1.1 
A) The phylogenetic relationship of AoPIP1.1 with aquaporins of different species is 
represented in the rooted dendrogram. It was constructed using Phylogeny.fr web-tool 
(http://phylogeny.lirmm.fr/phylo_cgi/index.cgi) by the approximate likelihood method 
based on a complete protein sequence alignment of different aquaporins and the 
approximate likelihood-ratio test. The gi numbers for the sequences are: 
gi|50345961|gb|AAT74898.1| plasma membrane intrinsic protein PIP1-1 [Fraxinus 
excelsior], gi|77992951|gb|ABB13429.1| plasma membrane intrinsic protein [Olea 
europaea], gi|17940740|gb|AAL49749.1|AF452011_1 aquaporin-like protein [Petunia x 
hybrida], gi|565394685|ref|XP_006362987.1| PREDICTED: probable aquaporin PIP1-
2-like [Solanum tuberosum], gi|2114046|dbj|BAA20074.1| water channel protein 
[Nicotiana excelsior], gi|460379006|ref|XP_004235256.1| PREDICTED: probable 
aquaporin PIP1-2-like isoform 2 [Solanum lycopersicum], 
gi|672127986|ref|XP_008787474.1| PREDICTED: probable aquaporin PIP1-2 [Phoenix 
dactylifera], gi|587868843|gb|EXB58178.1| Aquaporin PIP1-1 [Morus notabilis], 
gi|526118016|ref|NP_001267918.1| aquaporin-like [Vitis vinifera], 
gi|53748457|emb|CAH59432.1| aquaporin 2 [Plantago major].  
B) Alignment of AoPIP1.1 amino acid sequence with aquaporins from other plant species. 
The shaded area shows the conserved region 
(http://www.ch.embnet.org/software/BOX_form.html). 
 
Furthermore, transient expression of 35S::AoPIP1.1-GFP construct 





AoPIP1.1-GFP fusion protein on the plasma membrane of the cell (Figure 
6.6A). 
For tissue-specific expression analysis, tissues collected from two-month-
old seedlings that were not exposed to salt were used. The lowest 
expression levels were observed in A. officinalis stem tissues (Figure 
6.6B). Both leaves and roots demonstrated relatively similar expression 
levels (Figure 6.6B). AoPIP1.1 expression in salt gland-rich tissue was 


















































Figure 6.6: Sub-cellular localization of GFP fused AoPIP1.1 in Arabidopsis 
mesophyll protoplasts 
A) (I) Localization of AoPIP1.1-GFP on the plasma membrane (II) Autofluorescence of 
chloroplasts (red) (III) transmitted light image of the protoplast (IV) Merged image of (I) 
(II) and (III). Scale bar = 5µm. B) Expression of AoPIP1.1 in different tissues of two-
month-old greenhouse-grown plants. C) Expression of AoPIP1.1 transcripts from 
mesophyll and salt gland-rich tissue. RQ-Relative quantification data represent means ± 
SE from three independent experiments, each with three biological replicates. Values 
superscripted with different alphabet show significant difference compared to others as 
indicated by Tukey’s test (p<0.05). A given biological replicate consists of tissues pooled 
from three different seedlings. 
 
Gene expression studies 
Studies of gene expression in A. officinalis can provide a basis for 
understanding the gene function and its response to environment. Root 
and leaf tissues from two-month-old seedlings treated with 500mM NaCl 
were chosen for expression kinetics study. In roots, expression of 
AoPIP1.1 showed ~twofold increase at 2h and 48h of salt treatment 
(Figure 6.7A). But in the leaves about fourfold increase in the expression 
was observed at 48h of salt treatment (Figure 6.7A). After 48h, the 
expression level of AoPIP1.1 decreases to basal levels in both roots and 
leaves.  
To study the effect of other abiotic stresses on AoPIP1.1 expression, leaf 
discs from two-month-old seedlings (previously not exposed to salt) were 
chosen. Drought treatment induced the expression of AoPIP1.1 within 
120min whereas no significant differences were observed upon ABA and 
NaCl treatment (Figure 6.7B). This suggests that AoPIP1.1 may have a 
role to maintain water balance under drought conditions in the mangrove 







Figure 6.7: Expression profile of AoPIP1.1 
A) Expression kinetics of AoPIP1.1 upon salt stress in roots and leaves. B) Expression 
analysis of AoPIP1.1 in the A. officinalis leaf-discs upon treatment with salt (NaCl), 
drought and ABA. RQ-Relative quantification data represent means ± SE from three 
independent experiments, each with three biological replicates. A given biological 
replicate consists of tissues pooled from three different seedlings. Values 
superscripted with different alphabet show significant difference compared to others as 









Cloning and characterization of aquaporin AoPIP1.2 
EST of aquaporin AoPIP1.2 was initially identified from subtractive 
hybridization (Chapter 4) and later a full-length coding sequence was 
obtained from RACE-PCR. The coding sequence of AoPIP1.2 has 870bp 
and the corresponding genomic sequence is 1802bp long (Figure 6.8A), 
due to the presence of 4 introns. The cDNA sequence stretch coding for a 
single uninterrupted polypeptide of 289 amino acids (Figure 6.8B) was 
identified by in silico translation of the sequence corresponding to 
AoPIP1.2, with a deduced molecular mass of 31.04kDa. The predicted 
three-dimensional structure of the using iTASSER revealed six 
transmembrane-helices. Additionally, two re-entrant helices with two NPA 
regions are depicted in blue are known to be the signature motifs of 






      1 atggctgagggcaaggaagaggatgttaggcttggggctaacaag 
        M  A  E  G  K  E  E  D  V  R  L  G  A  N  K  
     46 ttcacggaggggcagccgttgggcacaactgctcagacagacaag 
        F  T  E  G  Q  P  L  G  T  T  A  Q  T  D  K  
     91 gattacaaggaggagccgccagcccctctgttcgagcctggggag 
        D  Y  K  E  E  P  P  A  P  L  F  E  P  G  E  
    136 ttgaagtcatggtccttctacagggcagggattgcggagttcatg 
        L  K  S  W  S  F  Y  R  A  G  I  A  E  F  M  
    181 gccaccttcttgttcttgtatatttctatcttgaccgtgatgggg 
        A  T  F  L  F  L  Y  I  S  I  L  T  V  M  G  
    226 gttggcagatcaactagcaagtgtgcctctgtgggtattcagggg 
        V  G  R  S  T  S  K  C  A  S  V  G  I  Q  G  
    271 attgcttgggccttcggcggcatgatctttgtacttgtatactgt 
        I  A  W  A  F  G  G  M  I  F  V  L  V  Y  C  
    316 accgctggcatctctggagggcacatcaatccggccgtgaccttt 
        T  A  G  I  S  G  G  H  I  N  P  A  V  T  F  
    361 ggtttgttcctggcgaggaagctttccctgaccagggctctattc 
        G  L  F  L  A  R  K  L  S  L  T  R  A  L  F  
    406 tacatggtgatgcagtgccttggtgccatctgtggagctggggtg 
        Y  M  V  M  Q  C  L  G  A  I  C  G  A  G  V  
    451 gtcaagggtttcatggagggaccgtatcagaggcttaaaggaggg 
        V  K  G  F  M  E  G  P  Y  Q  R  L  K  G  G  
    496 gccaacatggtgagccatggctacaccaagggggatggcctgggg 
        A  N  M  V  S  H  G  Y  T  K  G  D  G  L  G  
    541 gctgaaatcgtgggcacctttgtccttgtctacactgtcttctcc 
        A  E  I  V  G  T  F  V  L  V  Y  T  V  F  S  
    586 gctactgatgccaagaggaacgccagagactcgcatgttcctatt 
        A  T  D  A  K  R  N  A  R  D  S  H  V  P  I  
    631 ttggcacctcttcccattgggtttgctgtcttcctggttcatctg 
        L  A  P  L  P  I  G  F  A  V  F  L  V  H  L  
    676 gccaccatccctgtcaccggaactggcatcaaccctgcacggagc 
        A  T  I  P  V  T  G  T  G  I  N  P  A  R  S  
    721 cttggagcggccattatctacaacaaagatcaagcttgggatgac 
        L  G  A  A  I  I  Y  N  K  D  Q  A  W  D  D  
    766 cattggatcttctgggttggacccttcattggagccgccctcgca 
        H  W  I  F  W  V  G  P  F  I  G  A  A  L  A  
    811 gctgtctaccaccagcttatcatcagagccatacctttcaagagc 
        A  V  Y  H  Q  L  I  I  R  A  I  P  F  K  S  
    856 aaccgggcatgctaa 870     




Figure 6.8: cDNA and genomic DNA sequences of AoPIP1.2 
A) Representation of genomic fragment of AoPIP1.2, which has 5 exons and 4 introns. B) 
Coding sequence aligned with amino acid sequence of AoPIP1.2 obtained from 
http://www.ncbi.nlm.nih.gov/gorf/gorf.html. C) Predicted three-dimensional structure of 
AoPIP1.2 obtained using iTASSER server (http://zhanglab.ccmb.med.umich.edu/I-
TASSER/) showing six transmembrane α-helices (in red) and two NPA motifs (in blue).  
 
To understand the pattern of gene evolution, phylogenetic analysis was 
done by comparing AoPIP1.2 with several other plant PIPs. Phylogenetic 
analysis of AoPIP1.2 shows nearest homology to Solanum lycopersicum 
PIP (Figure 6.9A). Protein sequence alignment showed that this aquaporin 








Figure 6.9: Phylogenetic analysis and sequence alignment of AoPIP1.2 
 
A) The phylogenetic relationship of AoPIP1.2 with aquaporin proteins of different 
species is represented in rooted dendrogram. It was constructed using Phylogeny.fr web-
tool (http://phylogeny.lirmm.fr/phylo_cgi/index.cgi) by the approximate likelihood 
method based on a complete protein sequence alignment of different aquaporins and the 
approximate likelihood-ratio test. The gi numbers for the sequences are: 
gi|2440044|emb|CAA04653.1| major intrinsic protein PIPB [Craterostigma 
plantagineum], gi|115291793|gb|ABI93215.1| water channel protein [Nicotiana 
tabacum], gi|568214814|ref|NP_001275388.1| major intrinsic protein 1-like protein 
[Solanum tuberosum], >gi|2114050|dbj|BAA20076.1| water channel protein [Nicotiana 
excelsior], gi|460398126|ref|XP_004244614.1| PREDICTED: probable aquaporin PIP-
type pTOM75-like [Solanum lycopersicum], gi|2114048|dbj|BAA20075.1| water channel 
protein [Nicotiana excelsior], gi|408368204|gb|AFU61115.1| water channel protein PIP 
[Capsicum annuum], gi|590722031|ref|XP_007051783.1| Plasma membrane intrinsic 
protein 1B [Theobroma cacao], gi|583830772|gb|AHI54567.1| aquaporin protein 7 
[Camellia japonica], gi|297842958|ref|XP_002889360.1| hypothetical protein 
ARALYDRAFT_470115 [Arabidopsis lyrata subsp. lyrata].  
B) Alignment of AoPIP1.2 amino acid sequence with aquaporins from other plant 
species. The shaded area shows the conserved region 
(http://www.ch.embnet.org/software/BOX_form.html). 
 
To determine the sub-cellular localization, 35S::AoPIP1.2-GFP construct 





AoPIP1.2-GFP fusion protein was found to be localized on the plasma 
membrane (Figure 6.10A). 
For tissue-specific expression analysis, tissues collected from two-month-
old seedlings that were not exposed to salt were used. The lowest 
expression was observed in leaves, while both stems and roots exhibited 
approximately similar expression levels (Figure 6.10B). In leaves, 
AoPIP1.2 expression level was approximately fourfold higher in salt gland-
rich tissues compared to the mesophyll tissue (Figure 6.10C). Furthermore 







Figure 6.10: Sub-cellular localization of GFP fused AoPIP1.2 in Arabidopsis 
mesophyll protoplasts 
A) (I) Localization of AoPIP1.2-GFP on the plasma membrane (II) Autofluorescence of 
chloroplasts (red) (III) transmitted light image of the protoplast (IV) Merged image of (I) 
(II) and (III). Scale bar = 5µm. B) Expression of AoPIP1.2 in different tissues of two-
month-old greenhouse-grown plants. Values superscripted with different alphabet show 






Expression of AoPIP1.2 transcripts from mesophyll and salt gland-rich tissue. RQ-
Relative quantification data represent means ± SE from three independent experiments, 
each with three biological replicates. A given biological replicate consists of tissues 
pooled from three different seedlings. Values superscripted with different alphabet show 
significant difference compared to others as indicated by Tukey’s test (p<0.05).D) In situ 
hybridization of leaf tissue, showing high abundance of AoPIP1.2 expression in the salt 
glands (n=3). Arrow indicates the salt gland 
 
Gene expression studies 
Studies of gene expression in A. officinalis can provide a basis for 
understanding the gene function and its response to environment. Root 
and leaf tissues from two-month-old seedlings treated with 500mM NaCl 
were chosen for gene expression study. In leaves AoPIP1.2 shows ~4-fold 
increase in the expression at 8h and 48h (Figure 6.11A). But in roots, ~4-
fold decrease in the expression at 0.5h was observed and later after 8h 
the expression levels were returned to basal levels (Figure 6.11A). 
To study the effect of other abiotic stresses on AoPIP1.2 expression, leaf-
discs from two-month-old seedlings (previously not exposed to salt) were 
chosen (Figure 6.11B). Drought treatment induced the expression of 
AoPIP1.2 within 120min up to 10-fold (Figure 6.11B). This suggests that 
AoPIP1.2 could also have a role to create water balance during drought 
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Figure 6.11: Expression profile of AoPIP1.2 
A) Expression kinetics of AoPIP1.2 upon salt stress in leaves. (B) Expression kinetics of 
AoPIP1.2 upon salt stress in roots. (C) Expression analysis of AoPIP1.2 in the A. 
officinalis leaf-discs upon treatment with salt (NaCl), drought and ABA. RQ-Relative 
quantification data represent means ± SE from three independent experiments, each 
with three biological replicates. A given biological replicate consists of tissues 
pooled from three different seedlings. Values superscripted with different alphabet 
show significant difference compared to others as indicated by Tukey’s test (p<0.05).   
 
Cloning and characterization of aquaporin AoPIP2.2 
During the full-length coding sequencing of AoPIP1.1 a short stretch of 






officinalis leaf cDNA led to the cloning of full length coding sequence of the 
aquaporin. The coding sequence of AoPIP2.2 has 846bp and the 
corresponding genomic sequence is 1116bp long (Figure 6.12A), due of 
the presence of 3 introns. The cDNA sequence stretch coding for a single 
uninterrupted polypeptide of 282 amino acids (Figure 6.12B) was identified 
by in silico translation of the sequence corresponding to AoPIP2.2, with a 
deduced molecular mass of 29.71kDa. The predicted three-dimensional 
structure of AoPIP2.2 using iTASSER revealed six transmembrane-
helices. Additionally, two re-entrant helices with two NPA regions are 






      1 atggctaaggacattgaggtcggagccaccgagtacgatgccaag 
        M  A  K  D  I  E  V  G  A  T  E  Y  D  A  K  
     46 gactaccacgacccaccgccgcagccgctcgttgacccagaagag 
        D  Y  H  D  P  P  P  Q  P  L  V  D  P  E  E  
     91 ctgggcagttggtccttgtacagggctgcaattgctgaattcgtc 
        L  G  S  W  S  L  Y  R  A  A  I  A  E  F  V  
    136 gccacgcttttgtttttgtacgtcaccgtcttgacggtgatcgga 
        A  T  L  L  F  L  Y  V  T  V  L  T  V  I  G  
    181 tacaagagccagaacgctgccgacgagtgcaacggagttggcatt 
        Y  K  S  Q  N  A  A  D  E  C  N  G  V  G  I  
    226 ctcggcattgcctgggctttcggtggcatgatcttcgtcctcgtt 
        L  G  I  A  W  A  F  G  G  M  I  F  V  L  V  
    271 tactgcactgctggcatttccgggggacacatcaaccctgcagtg 
        Y  C  T  A  G  I  S  G  G  H  I  N  P  A  V  
    316 acgttcgggttgttcctggccaggaaggtgtcgctggtccgtgcc 
        T  F  G  L  F  L  A  R  K  V  S  L  V  R  A  
    361 gtattatatattgtggcacagtgcttgggagccatctgcgggtgc 
        V  L  Y  I  V  A  Q  C  L  G  A  I  C  G  C  
    406 gggctggtgaaggcgttccagaaggcgtactatgtcagatacggc 
        G  L  V  K  A  F  Q  K  A  Y  Y  V  R  Y  G  
    451 gggggcgccaacaccctggcggatggctacagcacaggcaccgga 
        G  G  A  N  T  L  A  D  G  Y  S  T  G  T  G  
    496 ctggcggctgaaatcatcggtacttttgttcttgtttacactgtc 
        L  A  A  E  I  I  G  T  F  V  L  V  Y  T  V  
    541 ttctccgccactgaccccaagagaaacgcaagagactcccacgtt 
        F  S  A  T  D  P  K  R  N  A  R  D  S  H  V  
    586 cctgttttggcgccacttcctattggatttgccgtgttcatggtt 
        P  V  L  A  P  L  P  I  G  F  A  V  F  M  V  
    631 cacttggccaccatcccaattacgggcaccggcattaacccggcc 
        H  L  A  T  I  P  I  T  G  T  G  I  N  P  A  
    676 aggagcttcggagccgccgtgatcttcggcaaagatgaggcctgg 
        R  S  F  G  A  A  V  I  F  G  K  D  E  A  W  
    721 gatgatcagtggattttctgggctgggccatcgattggggcagcc 
        D  D  Q  W  I  F  W  A  G  P  S  I  G  A  A  
    766 attgctgcaatctaccatcagtacatccttagggcaggagcggct 
        I  A  A  I  Y  H  Q  Y  I  L  R  A  G  A  A  
    811 aaggctctgggatcattcaggagctcttcttactga 846     





Figure 6.12: cDNA and genomic DNA sequences of AoPIP2.2 
A) Representation of genomic fragment of AoPIP2.2 consisting of 4 exons and 3 introns. 
B) Coding sequence aligned with amino acid sequence of AoPIP2.2 obtained from 
http://www.ncbi.nlm.nih.gov/gorf/gorf.html. C) Predicted three-dimensional structure of 
AoPIP2.2 obtained using iTASSER server (http://zhanglab.ccmb.med.umich.edu/I-
TASSER/) showing six transmembrane α-helices (in red) and two NPA motifs (in blue). 
 
To understand the pattern of gene evolution, phylogenetic analysis was 
done by comparing of AoPIP2.2 with several other plant PIPs. 
Phylogenetic analysis of AoPIP2.2 shows nearest homology to Solanum 
tuberosum PIP (Figure 6.13A). The protein sequence alignment of 
AoPIP2.2 with exsiting PIPs from the database showed that this aquaporin 








Figure 6.13: Phylogenetic analysis and sequence alignment of AoPIP2.2 
 
A) The phylogenetic relationship of AoPIP2.2 with aquaporin proteins of different 
species is represented in rooted dendrogram. It was constructed using Phylogeny.fr web-
tool (http://phylogeny.lirmm.fr/phylo_cgi/index.cgi) by the approximate likelihood 
method based on a complete protein sequence alignment of different aquaporins and the 
approximate likelihood-ratio test. The gi numbers for the sequences are: 
gi|560891734|dbj|BAO18626.1| plasma membrane intrinsic protein 2;1 [Solanum 
lycopersicum], gi|565403111|ref|XP_006367008.1| PREDICTED: aquaporin PIP2-1-like 
isoform X2 [Solanum tuberosum], gi|590630620|ref|XP_007027328.1| Plasma 
membrane intrinsic protein 2 [Theobroma cacao], gi|164668308|gb|ABK60195.2| PIP2 
protein [Gossypium hirsutum], gi|587885795|gb|EXB74647.1| Aquaporin PIP2-7 [Morus 
notabilis], gi|28395420|gb|AAO39008.1| plasma membrane intrinsic protein 2,2 [Juglans 
regia], gi|255557012|ref|XP_002519539.1| Aquaporin PIP2.2, putative [Ricinus 
communis], gi|349891782|gb|AEQ20672.1| PIP2;1 [Karelinia caspia], 
gi|350543336|gb|AEQ29857.1| aquaporin PIP2 [Malus prunifolia], 
gi|13486938|dbj|BAB40141.1| plasma membrane intrinsic protein 2-1 [Pyrus 
communis].  
B) Alignment of AoPIP2.2 protein sequences with aquaporins from other plant species. 
The shaded area shows the conserved region of the sequence 
(http://www.ch.embnet.org/software/BOX_form.html). 
 
Furthermore, transient expression of 35S::AoPIP2.2-GFP construct 





AoPIP2.2-GFP fusion protein on the plasma membrane of the cell (Figure 
6.14A). 
Expression analysis of AoPIP2.2 was performed in different tissues 
collected from two-month-old seedlings that were not exposed to salt were 
used. The lowest expression in stem and highest expression in roots was 
observed (Figure 6.14B). AoPIP2.2 expression levels show no significant 
difference in the salt gland-rich tissue (Figure 6.14C). 
 






A) (I) Localization of AoPIP2.2-GFP on the plasma membrane (II) Autofluorescence of 
chloroplasts (red) (III) transmitted light image of the protoplast (IV) Merged image of (I) 
(II) and (III). Scale bar = 5µm. B) Expression of AoPIP2.2 in different tissues of two-
month-old greenhouse-grown plants. C) Expression of AoPIP2.2 transcripts from 
mesophyll and salt gland-rich tissues. RQ-Relative quantification data represent means 
± SE from three independent experiments, each with three biological replicates. 
Values superscripted with different alphabet show significant difference compared to 
others as indicated by Tukey’s test (p<0.05).A given biological replicate consists of 
tissues pooled from three different seedlings. 
 
Gene expression studies 
Studies of gene expression in A. officinalis can provide a basis for 
understanding the gene function and its response to environment. Root 
and leaf tissues from two-month-old seedlings treated with 500mM NaCl 
were chosen for gene expression study. In leaves, AoPIP2.2 shows an 
approximate 5- and 4-fold increase in the expression at 4h and 48h 
(Figure 6.15A). But in roots an approximate of 2-fold increase in the 
expression at 14 days was observed (Figure 6.15A).  
To study the regulation of AoPIP2.2 by abiotic stresses, leaf-discs from 
two-month-old seedlings (previously not exposed to salt) were chosen 
(Figure 6.15B). Drought treatment induced the expression of AoPIP2.2 
within 120min up to 25-fold (Figure 6.15B). This suggests that AoPIP2.2, 
like AoPIP1.1 and AoPIP1.2, may have a role to create water balance 
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Figure 6.15: Expression profile of AoPIP2.2 
A) Expression kinetics of AoPIP2.2 upon salt stress in leaves. (B) Expression kinetics of 
AoPIP2.2 upon salt stress in roots. (C) Expression analysis of AoPIP2.2 in the A. 
officinalis leaf-discs upon treatment with salt (NaCl), drought and ABA. RQ-Relative 
quantification data represent means ± SE from three independent experiments, each with 
three biological replicates. A given biological replicate consists of tissues pooled from 
three different seedlings. Values superscripted with different alphabet show significant 
difference compared to others as indicated by Tukey’s test (p<0.05). 
 






Functional assay of all the three aquaporin genes isolated from the leaves 
of A. officinalis PIP1.1, PIP1.2, PIP2.2 was performed in Xenopus laevis 
oocyte system. Aquaporin genes were reverse transcribed and the RNA 
was injected into the oocytes. Based on the time taken for swelling of 
oocytes (Figure 6.15A and 6.15B), osmotic permeability of the aquaporins 
was calculated. It showed that both AoPIP1.1 and AoPIP1.2 transport 
water into the oocytes and AoPIP2.2 does not show water transport 
















Figure 6.16: Osmotic permeability of aquaporins AoPIP1.1, AoPIP1.2 and AoPIP2.2 
studied in Xenopus laevis oocytes.  
A) Images of oocytes at 0min and 30min after RNA injection B) Time lapse images (1 
image/min) of oocytes from 0min 20min after injection AoPIP1.2 RNA. Scale bar = 
100µm. C) Oocyte swelling is expressed as permeability coefficient (Pf). RQ-Relative 
quantification data represent means ± SE from three independent experiments, each with 
three biological replicates. Values superscripted with different alphabet show significant 
difference compared to others as indicated by Tukey’s test (p<0.05). 
 
35S::AoPIP1.2 and 35S::AoPIP2.2 constructs were ectopically expressed 





levels of salt containing MS media and the difference in germination rates 
were tested with wild type seeds. From Figure 6.17 it is observed that 
there was no significant difference in the rates of germination with both 
transgenics expressing AoPIP1.2 and AoPIP2.2. 
AoPIP 1.2
AoPIP 2.2



























Figure 6.17: Germination assay upon salt stress in Arabidopsis transgenic plants 
expressing A. officinalis aquaporins genes. 
Seeds from three lines of A) AoPIP1.2 and B) AoPIP2.2 over-expression transgenic 
plants and wild type were sown on plants containing MS media along with 0mM, 50mM 
and 150mM NaCl and germination was monitored one week post stratification. Both the 
transgenics did not show any difference in the germination in presence of varying salt 





Salt secretion from salt glands involves dynamic movement of water 





channels. Hence the analyses of aquaporins identified from salt glands can 
form a basis for better understanding of the salt secretion mechanism. 
Thus, it is of high importance to study the expression patterns of several 
aquaporin isoforms in order to investigate their involvement in plant water 
transport.  
 
Identification of aquaporin subfamilies from Avicennia officinalis 
Identification and a brief classification of A. officinalis aquaporins (Figure 
6.2 and Table 6.1) has given an overview of different subfamilies namely 
PIPs, TIPs, NIPs and SIPs in salt gland-rich tissues. These aquaporin 
isoforms have been identified based on sequence similarity and key 
residues from earlier studies (Gupta et al., 2012; Wree et al., 2011). These 
key residues are identified based on the hourglass shaped 3D-structure of 
the aquaporins. The central constriction of the hourglass is formed by two 
NPA motifs and the outer constriction is towards the extracellular region is 
formed by aromatic/arginine (ar/R) selectivity filter consisting of four 
residues. Both regions are important in the solute transport and selectivity 
in aquaporin function (Beitz et al., 2006; De Groot et al., 2003; Wu et al., 
2009). This facilitated us to investigate presence of aquaporins with ion 
transport function in salt gland-rich tissues. Based on the ar/R selectivity 
parameters discussed earlier, classification of Avicennia officinalis 
aquaporins have been carried out, which is similar to the published reports. 
This supports one of the arguments that halophytes may not possess 






Furthermore, expression analysis of a few identified aquaporins were 
performed to check their abundance in salt glands. All the 8 aquaporins 
identified from transcriptome analysis showed no significant difference in 
the expression levels specifically in salt glands (Figure 6.3A) suggesting 
that these aquaporins could be expressed in the whole leaf tissue 
moderately uniformly. However, aquaporin AoPIP1.1 and AoPIP1.2 
showed ~twofold and ~fourfold high expression in salt gland-rich tissue 
compared to mesophyll tissue (Figure 6.6C and 6.10C). This indicates that 
these aquaporins may play an essential role in salt gland function. 
Similarly, upon salt treatment to the salt gland-rich tissues, the expression 
levels of transcriptome-identified aquaporins remained the same. This 
signifies that either the aquaporins are not salt-responsive or the duration 
of salt treatment was too little to show any obvious difference. Since not all 
aquaporins genes are functionally fully characterized (Yamada et al., 
1997), it is important to study the aquaporins from A. officinalis to find their 
roles in salt secretion. 
 
Three aquaporins from Avicennia officinalis were characterized in detail to 
study their occurence, localization, expression profile and thier function. 
Aquaporins are required to bring osmotic balance and are necessarily 
expressed in almost all the tissues (Chaumont et al., 1998). Distribution of 
cDNAs in maize libraries revealed that there ZmMIPs show expression-
specificity in various tissues (Chaumont et al., 2001). Their study showed 
that ZmPIP1.1, ZmPIP1.3 and ZmPIP2.1 were expressed in almost all the 





AoPIP2.2 showed least expression in stems and high expression in both 
roots and leaves whereas expression of AoPIP1.2 was least in leaves and 
high expression in both roots and stems was seen. Furthermore, AoPIP1.2 
showed significantly high abundance in salt gland cells (Figure 6.10D). 
This implies that among the three aquaporins studied, AoPIP1.2 could 
have a role to play in salt gland-specific function compared to other two 
aquaporins. It could also suggest that the expression in specific locations 
can be related to their explicit function in that tissue.  
 
Aquaporins are known respond to salt, drought stress and to abscisic acid 
(ABA) treatment (Fray et al., 1994; Tyerman et al., 2002; Yamada et al., 
1995) in plants. Accordingly, the regulation of aquaporin gene expression 
may differ depending on the tissue, abiotic stress and hormone treatments. 
Similarly, in the current study, transcripts of all three AoPIPs showed 
variation in the degree of expression upon various environmental stimuli. 
Regardless of the tissue-specific abundance, AoPIPs showed variation in 
expression levels mainly in leaf tissue. This indicates that the aquaporins 
in leaves could be sensitive and highly responsive to salinity changes 
compared to other tissues. 
 
Apart from salt treatment, effect of short-term abiotic stress was studied; it 
was observed that all three AoPIPs were significantly up-regulated with 
drought treatment. With short-term salinity or ABA treatments, the 
expression levels of AoPIPs remained constant. In a similar study in 





drought stress, while PIP expression was not much altered under high 
salinity (Jang et al., 2004). In the same study, it was also shown that the 
responsiveness of each aquaporin to ABA was different, suggesting that 
the regulation of aquaporin expression may involve both ABA-dependent 
and ABA-independent signalling pathways. The significant up-regulation of 
AoPIPs can be correlated to the previously reported increase in PvPIP2.1 
gene expression in the leaves of Phaseolus vulgaris plants to drought 
treatment (Aroca et al., 2006). Similarly, Arabiodpsis PIP transcripts 
AtPIP1.4 and AtPIP2.5 showed up-regulation upon gradual drought stress 
in leaves (Alexandersson et al., 2005). Previous studies, along with current 
study support that some of the aquaporins including AoPIPs respond to 
drought stress, suggesting their crucial role in maintaining osmotic balance 
in the cell. 
 
Furthermore, on the sub-cellular localization of aquaporins, although PIPs 
and TIPs are largely targeted to plasma membrane and vacular 
membrane, intricacies in localization and trafficking still exist. The sub-
cellular location of members from the NIP and SIP subfamilies is still vague 
(Chaumont et al., 2005). PIPs are generally found on plasma membrane, 
TIPs on tonoplast, NIPs on the endoplasmic reticulum and SIPs on golgi. 
NIPs are usually expressed in low levels and some SIPs are specifically 
expressed in roots (Mizutani et al., 2006). AoPIPs, when transiently 
expressed in Arabidopsis mesophyll protoplasts showed that the proteins 
were found to be localized on the plasma membrane like most PIPs 





regulate water movement in and out via plasma membrane, similar to other 
PIPs. 
 
AoPIPs functional assay  
Aquaporins possess function of water transport with some exceptions 
(ion/neutral molecule transporting aquaporins) (Yool and Weinstein, 2002). 
Aquaporin water channel activity is commonly verified from experiments 
with heterologous expression systems like Xenopus laevis oocytes. When 
aquaporins were expressed in heterologous cells they swell more rapidly 
and due to larger cell-size X. laevis oocytes are preferred for such studies. 
The rate of volume increase in these cells are measured and used to 
calculate the osmotic water membrane permeability (Pf). Similarly, AoPIP 
functional assay was done by transiently expressing AoPIP in X. laevis 
oocytes (Figure 6.16). From the current study, it has been shown that 
aquaporins AoPIP1.1 and AoPIP1.2 demonstrated water transport activity 
by showing increase in Permeability co-efficient (Pf). Several reports on 
aquaporins isolated from plants have shown increased Pf in oocytes 
(Maurel et al., 1997; Schäffner, 1998). When tested in oocytes, PIP1 
subfamily aquaporins have exhibited varied results. Mesembryanthemum 
crystallinum MipA and MipB proteins and Nicotiana tabacum NtAQP1 
induced only a ~2-fold increase in Pf (Biela et al., 1999; Yamada et al., 
1995). Aquaporins from Zea mays ZmPIP1a and 1b have also exhibited 
non-functionality when expressed in X. laevis oocytes (Chaumont et al., 
2000). In this study aquaporin AoPIP2.2 did not show any water transport 





several animal aquaporins as well (Bonhivers et al., 1998; Mulders et al., 
1997). Post-transcriptional modifications of specific serine residues have 
resulted in modification of the gating mechanism in aquaporin SoPIP2.1 
(Nyblom et al., 2009; Tornroth-Horsefield et al., 2006). This suggests that 
some plant aquaporins like PIP2 could be highly regulated and post 
translational modifications are necessary for proper function. As AoPIP1.2 
has shown salt-gland-specific abundance and it also actively functions as 
an aquaporin, this suggests that AoPIP1.2 could play an important role in 
salt secretion function of the salt glands. 
 
Avicennia officinalis aquaporins were also ectopically expressed in 
Arabidopsis mutant lines. It should be noted that, there were no phenotypic 
differences, for example, germination rates, between the wild type and the 
over-expressed lines in both AoPIP1.2 and AoPIP2.2 (Figure 6.17). This 
could be due to the large number of aquaporin family members for 
example, ~35 in Arabidopsis, which might seem extremely insignificant to 
show deleterious effects in mutants and similarly obvious phenotypic 
changes in the over-expression lines, with some exceptions (Uehlein et al., 
2003; Uehlein et al., 2008). 
At present, there is no adequate description of phenomena related to water 
transport across biological membranes. After the discovery of aquaporins, 
understanding water transport across membranes in the living systems 
was revolutionized. Its physiological importance has been studied 
extensively in relevance to its rapidity and high selectivity in water 





of water against the concentration gradient (Zeuthen and MacAulay, 2012). 
Proteins like potassium chloride cotransporters (KCC) (Gillen et al., 1996) 
sodium potassium chloride cotransporters (NKCC) (Haas, 1989) and 
sodium glucose cotransporters (SGLT) (Wright and Loo, 2000) have been 
identified to transport hundreds of water molecules along with a few ions, 
thus showing dual function (both transport of ions and water) (Zeuthen and 
Stein, 1994). Perhaps, such proteins have been identified in plants but 
detailed investigation is needed to understand its function. Similarly, 
identification and examination of such cotransporters in mangroves would 
open new avenues to comprehend secretion process from salt glands. 
 
In conclusion, three aquaporins were isolated from the mangrove A. 
officinalis. The transcript level of AoPIP1.2 was found to be high in salt 
gland-rich tissues compared to AoPIP1.1 and AoPIP2.2. All the three 
aquaporins were up-regulated in response to drought treatments. 
Aquaporins AoPIP1.1 and AoPIP1.2 showed water permeability in X. 
laevis oocyte system owing to the function of aquaporins. Although the 
role of these aquaporins in salt secretion has to be studied further, this 
initial study has added more insights to the mangrove aquaporins basic 
research. 





















Chapter 7 : Limitations and recommendations 
 
Our study was initiated in an attempt to better understand the salt 
tolerance property of the mangrove Avicennia officinalis and thereby to 
contribute towards advancement of basic scientific knowledge on plant 
adaptations to salt stress. This study has focussed on preliminary 
exploration of physiological aspects of A. officinalis with regard to salt 
tolerance. Additionally, identification and characterization of several genes 
that could be involved in mediating salt stress were attempted. The 
uniqueness of this study included the efforts in understanding the salt 
tolerance of the mangrove plant A. officinalis based on analyses of tissues 
from two-month-old seedlings that were not exposed to salt prior to 
experiments along with the leaves collected from the field-grown trees. 
Using young seedlings that were not previously exposed salt are suitable 
for analyses such as xylem sap ion estimation, secretion amount 
estimation and other physiological experiments shown in Chapter 3. 
Moreover, for gene expression and RNA seq analyses, controlled 
conditions have to be maintained to check the effect of salt. Overall, by 
using mangrove plants that were not previously exposed to salt show 
relatively natural response to salt exposure compared to plants that are 
already growing in saline conditions. 
However, it should be noted that genetic study in a perennial plant like 
Avicennia officinalis is challenging because of its long life cycle. 
Additionally, young seedlings of A. officinalis can survive only for about 4 
months in the greenhouse conditions. Subsequently, leaves of these 




seedlings start to curl, develop lesions and turn yellow. Such plants are 
not suitable for scientific studies related to salt tolerance. 
Another limitation of mangrove plant research is the non-availability of 
annotated mangrove plant genome. As discussed earlier, using a 
reference genome of a non-mangrove, it can only fulfil the purpose by 
partially providing basic information of the identified genes. But only a 
thorough bioinformatic analysis can provide necessary information of new 
genes or variants of existing genes those are responsible for salt 
tolerance. 
Some aquaporins are known to transport ions. Based on that observation 
aquaporin study was initiated with the focus to identify several members of 
MIP subfamily. However, the available structural information could not 
provide any significant clues about ion transporting property of aquaporins. 
Therefore, these aquaporins should be tested in future projects for ion 
transport function, which may be important for salt secretion in salt glands. 
Likewise functional analyses of these aquaporins can be tested in other 
organisms like bacteria, yeast or artificial assay systems like liposomes. 
Several dehydrins were identified from transcriptomics and subtractive 
hybridization studies along with AoDHN1 and another clone in particular 
had high sequence similarity to this that was named AoDHN2. 
Characterization of the other dehydrin genes such as AoDHN2 may be 
able to contribute towards translating the findings of a halophyte-based 
research to generate glycophytes that show abiotic stress (salt) tolerance. 
In the absence of reliable genetic transformation protocols for mangroves, 




one can only use heterologous model systems like Arabidopsis, yeast and 
bacteria. Although these can serve as reliable platforms for functional 
analyses of mangrove genes, the application to other plant systems will 
require detailed studies in model crop plants. 
The present transcriptome study was rather limited because only the 
relatively early time point was studied. For a more detailed analysis of 
global gene expression under salt stress, samples from several time 
points should be included to generate consistent and reliable data, which 
could help in identifying potential candidate genes for further analysis. 
Additionally, a detailed bioinformatic analysis of the transcriptome data is 
necessary to derive valid conclusions from the study. Nevertheless, the 
current transcriptomic study has been able to provide baseline molecular 
genetic information for A. officinalis, which has laid the foundation for a 
systematic approach to better understand the crucial processes of salt 















Chapter 8 : General conclusions 
 
In this project we have examined several physiological aspects of both 
field-grown trees and two-month-old seedlings from A. officinalis. Analysis 
of the mature leaf structure has confirmed xerophytic characteristics, 
which promotes conservation of water. Among the different types of cells 
in the salt glands, it was shown that secretory cells contained significantly 
lower amounts of ions compared to stalk cells and collecting cells. 
Furthermore, salt treatment studies showed that as salt increases in the 
external medium, roots absorb excess ions and transport to leaves. 
Hence, accumulation of toxic levels of ions in the leaves occur, which 
triggers salt secretion process. These results suggest an effective removal 
of excessive ions from the plant, which improves the survival rate of the 
plant during salinity stress. Moreover, it was also shown that an isolated 
upper epidermal peel that is rich in salt glands can conduct secretion for a 
short duration. This can work as an excellent system to study functions of 
salt glands under controlled conditions. 
The attempt to identify differentially expressed genes in the salt glands by 
subtractive hybridization resulted in identification of 34 genes. These 
include genes encoding ABC transporters, ribosome subunit and 
dehydrins. The highly expressed Dehydrin gene was further characterized 
due to its reported involvement in mediating stress in other plants. 
AoDHN1 showed significantly high expression in leaves, which was 
concentrated in the salt gland cells. Additionally, AoDHN1 demonstrated 





heterologous system. These results strongly suggest that AoDHN1 could 
play a protective role in salt glands, which constantly experience influx and 
efflux of toxic levels of ions. 
Global gene expression analysis of salt gland-rich tissues has provided 
insights on the classes of genes that get differentially regulated as an early 
response to salt stress. The transcriptome analysis was also valuable in 
providing valid sequence-information of several important genes, which 
are known to play critical roles in salt tolerance mechanism in other plants. 
This leads to the understanding that halophytes also respond to salt in a 
manner similar to glycophytes. Also, halophytes and glycophytes appear 
to possess several similar genes that could be involved in salt tolerance 
mechanism.  
Furthermore, this study has taken a key step towards investigating several 
aquaporins in A. officinalis leaves. Out of three well-characterized 
aquaporins, AoPIP1.2 was significantly abundant in salt gland cells. Both 
AoPIP1.1 and AoPIP1.2 demonstrated water transport function when 
expressed in X. laevis oocytes. Based on earlier findings that aquaporins 
help to reabsorb water at the leaf surface after salt secretion, 
characterization of relevant aquaporins takes on a higher relevance in this 
system. It has also been pointed out that some aquaporins have the 
potential to transport ions, which may be highly important in the mangrove 
salt secretion process. Therefore, studying this group of proteins in detail 
will be useful. Accordingly, in addition to the three aquaporins 
characterized, many more were identified from the transcriptome data and 





data for further research, but also enables for a systematic approach on 
analysing aquaporins with ion transport function, which is likely to be an 
important aspect to be known for understanding the mechanism of salt 
secretion. 
Overall, besides providing valuable baseline data on differential gene 
expression in response to salt treatment, this study has contributed 
significant novel information on dehydrins and a specific water-conducting 
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